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Free standing single layer graphene (SLG) is believed to possess the highest 
thermal conductivity (κ) of all known materials near room temperature, making graphene 
promising for thermal management applications in electronics. In comparison with the 
extensive studies on its electronic properties, relatively few studies have been conducted 
on thermal transport in graphene. Current thermal measurements in graphene are mainly 
carried out using the non-contact Micro-Raman technique and the thermal bridge 
technique. The former provides limited accuracy in determining κ due to uncertainty in 
the absorbed laser power assumed and poor temperature sensitivity, while the extant 
methods used to fabricate samples for the latter degrade the cleanness and quality of the 
graphene.  
In view of this, we developed transfer techniques to prepare high-quality samples 
with clean surfaces suitable for thermal conductance studies using the thermal bridge 
configuration. Several factors affecting the thermal conductance properties were then 
studied. In particular, the layer dependence of κ of supported graphene on SiNx (x~3/4), 
the effect of adsorbed metal nano-islands, and chemical functionalization on suspended 
TLG and BLG were investigated. 
We report a systematic study of the thermal conductance of graphene supported 
on SiNx substrate at 300 K as the number of layers is varied from a single layer to 18 ± 1 
layers. There is a reduction of ~1 order of magnitude in κ for supported SLG compared to 
free-standing SLG due to the strong graphene-substrate interaction. With increasing 
number of layers, this substrate induced effect becomes progressively weaker with the 
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addition of multiple layers leading to an increase in κ with respect to thickness, which 
approaches the bulk graphite limit when n→∞ as the substrate effect becomes negligible.  
Next, we report the investigation of the effect of adsorbates on the thermal 
conduction in suspended TLG, where the change in the κ at 300 K was observed as gold 
was deposited with increasing coverage on the surface of one basal plane. The room 
temperature value of κ was measured to be 1400 ± 140 and 1495 ± 150 W/K-m, much 
higher than that reported values of suspended BLG of similar dimensions. We 
demonstrate experimentally and theoretically a trend of descending κ with respect to the 
coverage of gold (Au) deposited on the basal plane, and such reduction in κ is attributed 
to the strong suppression of flexural phonon modes, phonon leakage from graphene to Au, 
and phonon scattering at C-Au boundary and C-C interface between C atoms with 
different environment.  
Finally we report a study of the effect of chemical functionalization on the 
thermal conduction in graphene by functionalizing suspended BLG using atomic H atoms. 
The room temperature κ of starting BLG samples was measured to be in a range from 
1585 ± 159 to 1745 ± 175 W/K-m, and was reduced by 79 % after 2 hours hydrogenation 
using an atomic H source due to the much enhanced phonon scattering. Such reduction in 
κ is the result of the formation of out-of-plane sp3 hybridization, which further degrades 
the symmetry of reflection in suspended BLG. The mass effect of the functional group 
was also investigated using atomic deuterium (D) on the thermal conduction in suspended 
BLG, but this yielded inconclusive results due to the relatively small mass of the 
functional group (either H or D), as a result of which the mass-loading effect is masked 
by the configuration change of graphene arising from hydrogenation.  
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Chapter 1 Introduction 
1.1 Background 
The reliability and speed of electronic and optoelectronic devices strongly depend 
on the operating temperature [1], and thus heat removal and management have become 
critical issues in the electronics industry due to rising power dissipation density 
concomitant with increasing integration.  This has focused efforts into the study of the 
thermal properties of materials, and the search for materials that conduct heat well to 
spread the heat generated locally in such devices [2]. In macroscopic systems where heat 
is conducted in the non-ballistic regime, the main parameter to characterize the ability of 
a material to conduct heat is its thermal conductivity (κ) that relates the heat flux J to the 
temperature gradient  ∇𝑇  through Fourier’s law, 𝐽 = −𝜅∇𝑇 , where κ is treated as a 
constant, at least for small temperature variations. However κ is temperature dependent 
over a wider temperature range.  The thermal conductivity of bulk copper, a commonly-
used material for heat spreaders, is ~ 400 W/K-m at room temperature, while that of 
copper thin films is even lower (< 250 W/K-m [3]). Thus the search is on for materials of 
κ higher than that of copper or silver, and it should be noted that thermal properties 
change when they are structured on micro- or nano-meter scales. For instance, nanowires 
do not conduct heat as well as bulk crystals due to the enhanced phonon-boundary 
scattering [4] or changes in the phonon dispersion [5]. 
Purely carbon-based materials, which come in the form of a variety of allotropes, 
have an extraordinarily large range for κ that spans over five orders of magnitude (Fig. 
1.1 [8]).  Allotropes with a high degree of lattice perfection, such as graphite, diamond, 
and carbon nanotube, have very high thermal conductivities due to the strong covalent 
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bonding between carbon atoms that give rise to a large phonon contribution to the 
thermal conductivity. For instance, the thermal conductivity reaches 10,000 W/K-m at ~ 
77 K for type-II diamond, and that of carbon nanotubes is ~ 3000-3500 W/K-m at room 
temperature [6, 7], even exceeding that of diamond (the best bulk heat conductor). 
 
Figure 1.1 Thermal conductivities of carbon allotropes and their derivatives based on 
average values reported in literature. The axis is not to scale. [8] 
 
In 2004, a single atomic layer of carbon atoms covalently bonded hexagonally to 
form a honeycomb lattice, namely graphene, was first experimentally fabricated and 
isolated from its 3D bulk crystal (graphite) by mechanical exfoliation [9]. The 
experimental realization of single-layer graphene (SLG) and experimental demonstrations 
of its exotic electrical properties [9-14] gave rise to great research interest in graphene. 
Intrinsic SLG is a semi-metal or a semiconductor with zero bandgap, in which its energy 
dispersion (E-k) relation is linear near the six Dirac points of the 1st Brillouin zone, 
leading to zero effective mass for electrons and holes [15] which behave like relativistic 
particles following the Dirac equation [16] instead of the usual Schrödinger equation. The 
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possibility of bandgap opening through lateral quantum confinement and the prospect for 
large-scale production by chemical means [17, 18] make graphene a most promising 
candidate for next-generation electronics applications. Indeed, Lin et al. [19] have 
already reported the fabrication of 100-GHz graphene-based transistors.  Nevertheless, 
for adoption in future applications, it is important to understand heat generation and 
conduction in graphene whether it used as an active device element or as a heat spreader.  
With the availability of both high-quality suspended and supported graphene, it is now 
possible to conduct experimental studies to this end. 
In the late 1990s, researchers started to develop more sophisticated models to 
study heat conduction in low-dimensional systems to investigate the violation of 
Fourier’s law in such systems.  Due to the low mass of carbon atoms in graphene and the 
reflection symmetry of the 2D lattice structure that forbids most of the phonon-phonon 
scatterings, the material is believed to have very high thermal conductivity near room 
temperature [20-22], which was recently measured to be as high as ~ 5800 W/K-m using 
a micro-Raman technique [23, 24]. This exceptionally-high κ far exceeds that measured 
for other carbon nanostructures, and is many times higher than that of common metals, 
making graphene promising for thermal management applications in electronics. The 
thermal conduction in graphene is dominated by phonon transport in three acoustic 
phonon branches, the in-plane (LA and TA) phonons and out-of-plane (ZA) phonons. 
Currently, it remains a hot subject of debate as to whether in-plane phonon modes [25] or 
out-of-plane phonon modes [26] dominate the thermal transport in graphene, an issue 




1.2 Motivation and Objectives 
Despite the promising theoretical predictions [20-22, 25-29] of extremely high κ 
for graphene near room temperature, there were few reported experimental studies [23, 
30] on the thermal conductance properties of graphene when this project started. Thermal 
conductance measurements in graphene were mainly carried out using the micro-Raman 
technique [31-35] primarily due to the ease in preparing clean samples. The temperature 
dependence [35], substrate effect [33], and the cross-over of thermal conduction from 2D 
to 3D [31] were also observed using this technique.  However, the reported values of κ 
for suspended graphene at 300 K show great variation, ranging from 600 [32] to 5800 
W/K-m [23], such discrepancy arises primarily from the large difference in the absorbed 
laser power assumed. In addition, the temperature resolution of the micro-Raman 
technique is often poorer than 50 K due to limited temperature sensitivity. Since this 
technique is normally performed under ambient conditions, the accuracy in estimating κ 
is further degraded by the uncertainty arising from heat loss via convection.  
By comparison, the conventional thermal bridge configuration offers direct 
measurements of the heating power and precise temperature (T) readout in vacuum, from 
which κ can be accurately extracted. This technique was mainly employed to measure the 
thermal conduction in supported single-layer [36-37] or tri-layer graphene (TLG) [38] 
due to the challenge in suspending the fragile graphene over two suspended micro-
thermometers. The as-measured κ of suspended bi-layer (BL) [39] or 5L [38] graphene is 
exceptionally low, which can be attributed to the detrimental effect of polymeric residues 
or fluorination by XeF2 treatment [40].  
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In this project, effort is expended to improve the thermal bridge technique to 
allow a systematic study of the thermal conductance properties of clean suspended and 
supported graphene samples. A great deal of effort was put into the development of 
transfer techniques for sample preparation in the thermal bridge configuration to ensure 
high-quality samples with clean surfaces. Several effects affecting the thermal 
conductance properties were studied. In particular, the layer dependence of thermal 
conductance properties of supported graphene on SiNx (x ~ 3/4), the effect of adsorbed 
metal nano-islands, and chemical functionalization on suspended TLG and BLG were 
investigated. 
The main objectives of this project are to conduct a systematic study of the 
thermal conduction in supported graphene with respect to the atomic layers present on a 
continuous substrate, and to explore the effects of isolated adsorbates, and chemical 
functionalization on the thermal conductance properties of suspended graphene. 
 
1.3 Organization of Thesis 
This thesis is organized as seven chapters, with this chapter (Chapter 1) being the 
introduction. 
Chapter 2 covers a literature review on the thermal conduction in graphitic 
materials, which includes graphite, carbon nanotubes and graphene, with emphasis on the 
latter.  Experimental measurement techniques and various factors that affect the thermal 
conductance properties of graphene are also covered. 
Chapter 3 describes the two sample transfer techniques developed for fabricating 
supported and suspended graphene samples in the thermal bridge configuration. The 
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general measurement methodology for thermal conduction in graphene using the 
conventional thermal bridge configuration for our samples is described.  A measurement 
approach based on localized heating using a focused electron-beam and a finite element 
simulation method are also introduced. These are used to determine the thermal 
conductance contribution of the METS in the heat conduction from the heater to the 
sensor for the supported and suspended graphene samples, respectively. 
Chapter 4 reports a systematic experimental study of the thermal conduction in 
graphene supported on SiNx using the thermal bridge configuration, with the sample 
thickness as the primary variable parameter affecting κ near room temperature. The 
effects of graphene-substrate interaction and interlayer coupling are studied. 
Chapter 5 reports the thermal conductivity of suspended TLG near room 
temperature measured using the thermal bridge configuration, and its change with respect 
to the deposition of gold (Au) on one basal plane. The effect of the adsorbed Au nano-
islands on thermal conduction in suspended graphene is studied. 
Chapter 6 reports the thermal conductance measurement of suspended BLG near 
room temperature using the thermal bridge configuration, and the effects of 
hydrogenation via atomic hydrogen and deuterium on the thermal conductance of 
graphene. The effect of chemical functionalization and the mass effect of the functional 
group on thermal conductivity of suspended graphene are investigated. 
Chapter 7 summarizes the accomplishments of this project and provides 
recommendations for future work. 
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Chapter 2 Literature Review 
2.1 General Review on Graphene 
 Graphene is the name given to a planar sheet of one-atom-thick carbon atoms 
tightly packed into a 2D honeycomb lattice, and it can be regarded as the fundamental 
building block for most carbon materials in all other dimensionalities except diamond. It 
can be wrapped up into 0D fullerenes, rolled into 1D nanotubes or stacked into 3D 
graphite [1, 2] (Fig. 2.1). Strictly speaking, graphene refers to monolayer structure, yet it 
is commonly used to describe ultrathin sheets of graphite layers, with single-layer 
graphene (SLG), bi-layer graphene (BLG), tri-layer graphene (TLG) and few-layer 
graphene corresponding to 1, 2, 3, and 4-10 layers of atomic layers, respectively. 
 
Figure 2.1 Mother of all graphitic forms. Graphene is a 2D building material for carbon 
materials of all other dimensionalities except diamond. It can be wrapped up into 0D 




Figure 2.2 (a) Flat graphene crystal in real space (perspective view). (b) The same for 
corrugated graphene. The roughness shown imitates quantitatively the roughness found 
experimentally. [3] 
 
Perfect 2D crystals cannot exist in the free state, and a transmission electron 
microcopy (TEM) study on suspended graphene revealed that graphene is not perfectly 
flat, with observed corrugations in the third dimension [3] (Fig. 2.2). A theoretical study 
that closely followed explained the nature of such height fluctuation, and claimed the 
ripples are intrinsic in graphene to achieve a thermally stable state [4].  
 
Figure 2.3 (a) Optical image of 50 µm aperture partially covered by SLG and BLG [5]. (b) 
Graphene of different thickness on 300 nm SiO2 imaged with white light [6]. (c) Same 
graphene as in (b) imaged with green light of λ = 560 nm. The trace superimposed shows 
step-like changes in the contrast for 1, 2, and 3 layers. [6] 
 
Although graphene is one atom thick, it is visible under an optical microscope 
(Fig. 2.3 (a)) with only 2.3% optical transmission difference with air [5], but it is more 
apparent on an SiO2/Si substrate of suitable SiO2 thickness [6, 7]. It was shown that the 
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visual detection of graphene would be optimized when SiO2 of 90 or 280 nm is used 
under white (Fig. 2.3 (b)) or green light (Fig. 2.3 (c)) [6]. 
 
Figure 2.4 Microscopy images of graphene on SiO2 substrate. (a) AFM image [8], scale 
bar: 1 µm. (b) TEM image [9], scale bar: 0.2 nm. (c) STM topographic image [10], scale 
bar: 0.1 nm. A model of the underlying atomic structure is shown as a guide to the eye. (d) 
Raman image plotted by the intensity of G band [13], scale  bar: 8 µm. (e) SEM image, 
which shows that most of the crystal’s faces are zigzag and armchair edges as indicated 
by blue or red lines and illustrated in the inset [1], scale bar: 10 µm. 
 
Graphene has been characterized by different kinds of microscopic and physical 
techniques including atomic force microscopy (AFM) [8], TEM [3, 9], scanning 
tunneling microscopy (STM) [10], scanning electron microscopy (SEM) [1], X-ray 
diffraction (XRD) [11], Raman spectroscopy [12], and optical reflection and contrast 
spectroscopy [13]. Height measurement in AFM allows direct determination of the 
number of layers in graphene, taking the inter-planar distance of 0.335 nm in graphite 
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[14-15] as the thickness of SLG; while SEM, STM and TEM measurements are useful in 
investigating the structure and morphology of graphene. 
In particular, Raman spectroscopy has emerged as a convenient and important 
tool for the characterization of graphene samples [12, 14-38]. Interestingly, there were 
theoretical works on the Raman spectrum of graphene [14, 15] even before the 
experimental realization of graphene. There are two characteristic features of the Raman 
spectrum intrinsic to graphene: (i) the G-band at ~ 1584 cm-1 arising from the E2g 
vibration mode and (ii) the 2D-band at ~ 2700 cm-1 which is a second-order two-phonon 
mode. As a 2D thermally stable material, SLG has a distinctive Raman fingerprint: 
extremely small intensity ratio of IG/I2D (<<1, Fig. 2.5 (a)), and a symmetric 2D-band 
which can be fitted by a single Lorentzian peak (Fig. 2.5 (b)). This represents the single 𝜋 
electron valence band and 𝜋* conduction band structure, and hence only one Raman 
scattering cycle is excited near the K and K’ points. By calibrating against the thickness 
obtained in AFM, the Raman spectrum allows us to infer the layer number up to ~ 10 
layers based on the positions and relative intensities of G- and 2D-bands, or the full width 
half maximum (FWHM) value of the 2D-band [18-19, 22] (Fig. 2.5 (c, d)). There is 
sometimes a third distinctive feature in the graphene Raman spectrum at ~ 1350 cm-1 [21, 
26-27], which is called the D-band that is related to defects in graphene, and thus is 
absent for pristine graphene. Hence Raman spectroscopy is a very convenient and non-
intrusive method to determine the quality of graphene, as well as other information such 
as doping [20, 28-33], stacking order [22, 23], strain [34, 35], type of edges [26, 31, 36] 




Figure 2.5 (a) Comparison of Raman spectra at 514 nm for bulk graphite and graphene 
[17]. (b) Evolution of the Raman spectra near 2D-band at 514 nm (left) and 633 nm (right) 
with the number of layers [17]. (c) Raman spectra of SL-, BL-, TL- and 4L graphene [22]. 
(d) The statistical data of FWHM with respect to different layer number [22]. (e) Raman 
spectra of graphene as a function of gate voltage (i.e. doping) [30]. (f) Raman spectra of 
G- (left) and 2D- (right) peaks as a function of uniaxial strain with incident light 
polarized along the strain direction [34]. (g) Raman spectra of G- (left) and 2D- (right) 
peaks as a function for ABA and ABC stacking order at 514 nm [23]. 
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2.2 Thermal Conduction in Graphite 
 Graphite, the 3D allotrope of carbon which can be obtained by stacking graphene 
layers in either ABA or ABC sequence with only weak van der Waals force between 
layers, exists in many different natural or artificial forms. The study of thermal 
conduction in graphite had garnered great interest since the 1890s till the 1970s with the 
successful production of well-orientated pyrolytic graphite (PG) [39-40]. Due to the great 
difference between the strong in-plane covalent C-C bond and the weak inter-plane van 
der Waals force, graphite has been known for a long time as an anisotropic material [41], 
and many of its physical properties including thermal conductivity κ are anisotropic. The 
in-plane thermal conductivity can be more than 2 orders of magnitude higher than the 
cross-plane value near room temperature in PG [42]. Therefore unless specifically stated, 
the thermal conductivity discussed in this section refers to the large in-plane value. 
 
Figure 2.6 Measured thermal conductivity and its phonon and electron components at 




As a nonmetallic material, heat is mainly conducted through the lattice by 
phonons, with negligible contribution from the conduction by the free electrons, except at 
very low temperatures [43]. Mizushima and Okada [44] stated that the thermal 
conductivity of carbons after elevated temperature treatment should be interpreted 
similarly to that of glasses, where the mean free path (MFP) 𝛬 of the phonon is limited by 
the microcrystallite dimension 𝛬o and is consequently independent of temperature. The 
conductivity κ is thus proportional to the specific heat Cv according to Debye’s formula  
κ = 1
3
𝐶v𝑣𝛬 [45], where v is the phonon velocity.  
 
Figure 2.7 (a) Comparison of predicted and measured thermal conductivities [50]. (b) The 
thermal conductivity of various samples of pyrolytic graphite (PG) and one sample of 
natural graphite (NG), K|| denotes the cross-plane thermal conductivity [42]. 
 
At low temperatures where the phonon-phonon interaction is small, 𝛬 is limited 
by the microcrystalline dimensions 𝛬 o which is independent of T, and κ increases 
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proportionally with Cv, and κ ∝  𝑇2. However the 𝑇2 dependence may only hold for well-
oriented and well-annealed PG samples. Furthermore, since Cv ∝  𝑇3  at very low 
temperatures (T ≤ 1 K) [46-47] and 𝛬 is constant in this temperature range, κ should also 
vary as 𝑇3. At high temperatures, the increase of T causes an increase in the number of 
phonons involved in heat transfer, which are also involved in scattering processes. 𝛬 now 
is dominated by the phonon-phonon interactions (𝛬L) commonly referred to as Umklapp 
scattering, which gives κ ∝  𝑇−1 [48]. As a result, a maximum of κ can be expected at 
intermediate temperature when the lattice scattering 1/𝛬L becomes comparable to the 
boundary scattering 1/ 𝛬 o, and the positions of the maxima are determined by the 
microcrystalline sizes (Tmax ∝ 1/𝛬o) [49]. Therefore, the temperature dependence curve of 
κ is always similar in shape, with the magnitude of κ and position of Tmax determined by 
the sample crystalline quality. Fig. 2.7 shows the temperature dependence of κ of 
polycrystalline graphite obtained from different production techniques, where the peak 
value shows a great variation, ranging from 70 to 4000 W/K-m depending on the degree 
of lattice perfection of individual crystallites and the fraction of non-graphitic carbon. 
In addition to the intrinsic boundary scattering and lattice scattering, there could 
be scattering of phonons due to the presence of defects in the lattice, and the overall 









         2.1 




Figure 2.8 (a) Variation of MFP at room temperature with vacancy concentration for 
single- and di- vacancies for in-plane waves [51]. (b) Comparison of MPF for boundary 
scattering as a function of heat treatment in PG using thermal and electrical properties 
[51]. (c) Thermal conductivity of boron-graphite samples of AGOT-KC. Two neutron-
irradiation curves are shown also, for comparison [52]. 
 
Fig. 2.8 (a) [51] shows that the phonon MFP Λ decreases significantly with 
increasing concentration of single- and di- vacancies; a reduction of one order of 
magnitude is achieved for only 4% vacancies. Such reduction in Λ decreases the thermal 
conductivity of graphite according to the Debye’s formula. Fig. 2.8 (c) [52] shows that 
the peak κ decreases by ~ 2 times for only 1.16% Boron (B) concentration in graphite, or 
~ 8 times for defects in graphite induced by 48 MWd (megawatt day) neutron 
bombardment. Elevated temperatures will result in lattice reconstruction as well as the 
removal of defects, which will in turn result in significant improvement in Λ (as shown in 
Fig. 2.8 (b) [51]), and hence κ. However, there is C13 isotope in graphite with a natural 
concentration of 1.1%, that is unaffected by high temperature annealing. Isotope 
scattering is approximately temperature independent over the range of 100-1000 K [50], 
and it may be neglected in most of the cases except for graphite with a high degree of 
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perfection where 𝛬o > 3 µm [51] due to the small mass difference between C13 and the 
host carbon atom C12. 
 However, the uncontrollable degree of lattice perfection and the inability to 
reproduce graphite samples with consistent quality make direct cross-comparisons 
between experimental results extremely complicated for thermal conductance study. The 
focus of thermal conductance studies of carbon-based material was soon diverted to the 
1D allotrope, carbon nanotube, which has much better and reproducible crystalline lattice. 
 
2.3 Thermal Conduction in Carbon Nanotubes (CNTs) 
 The discovery of multi-walled carbon nanotube (MWNT) in 1991 [53] and single-
walled carbon nanotube (SWNT) in 1993 [54-55] led to speculation [56] that CNTs could 
have κ equal to or greater than that of diamond and graphite, which displayed the highest 
measured κ of any known material at moderate temperatures [57] at that time. However, 
experimental thermal conductance measurement of CNTs is much more complicated 
mainly due to the difficulties encountered in the sample preparation process. For an 
accurate thermal measurement, a CNT has to be thermally isolated from the bulk 
substrate and other heat sinks, and thus the CNT under test needs to be fully suspended 
between temperature sensors; some early measurements were done using different 
methods [58-60]. Thermal conductance measurements became more systematic with the 
introduction of a thermal measurement technique based on a thermal bridge configuration 




Figure 2.9 (a) A large scale SEM image of a MEMS, scale bar: 100 µm. Inset: Enlarged 
image of the suspended islands, scale bar: 1 µm. [61] (b) The thermal conductance of an 
individual MWNT of a diameter 14 nm. The solid lines represent linear fits in a 
logarithmic scale at different temperature ranges. The slopes of the line fits are 2.50 and 
2.01, respectively. Lower Inset: Solid line represents κ (T) of an individual MWNT (d = 
14 nm). Broken and dotted lines represent small (d = 80 nm) and large bundles (d = 200 
nm) of MWNTs, respectively. Upper inset: SEM image of the suspended islands with the 
individual MWNT, scale bar: 10 µm. [61]  
 
 Fig. 2.9 (a) shows a typical micro-electro-mechanical system (MEMS) for the 
thermal measurement of CNTs [61]. The MEMS is delineated by a series of electron 
beam lithography (EBL) steps followed by Platinum (Pt) metallization and released by 
etching away the silicon (Si) substrate [62]. The measurement device includes two 
adjacent silicon nitride (SiNx) membrane islands suspended with long SiNx beams. The 
thin Pt serpentine loop on each island serves as both an electrical heater and a resistance 
thermometer where the temperature is extracted from its resistance value. The upper inset 
in Fig. 2.9 (b) shows an individual MWNT placed over the MEMS to bridge the two 
suspended islands by utilizing nano-manipulated probes [61], forming the only thermal 
path between them. The temperature gradient can be achieved by Joule heating resulting 
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from an electrical current passing through one of the Pt resistors. At steady state, the 
thermal conductance of the MWNT (Gt) and suspended SiNx beams (Gb) are related by: 
𝑇h = 𝑇sub + 𝐺t+𝐺b𝐺b(𝐺b+2𝐺t) 𝑄       2.2 
𝑇s = 𝑇sub + 𝐺t𝐺b(𝐺b+2𝐺t) 𝑄       2.3 
where Q is the heating power applied to the heater, Th, Ts and Tsub are the absolute 
temperature of heater, sensor and bulk substrate, respectively. Th and Ts are related to the 
electrical resistance of heater (Rh) and sensor (Rs), and the thermal conductance Gt of the 
CNTs at temperature Tsub can be computed from the slopes of Rh and Rs versus Q. 
 Fig. 2.9 (b) shows the temperature dependence of thermal conductance of a single 
MWNT of diameter 14 nm measured as such, and shown in the lower inset is the 
temperature dependent thermal conductivity, κ(T), of individual MWNT and MWNT 
bundles. The room temperature κ of MWNT of diameter 14 nm is over 3000 W/K-m, 
which is comparable to the recent theoretical predictions of 3000-6600 W/K-m for 
SWNTs [63-65]. At low temperatures (8-150K), Umklapp scattering freezes out and κ(T) 
simply follows the temperature dependence of Cv. For MWNTs, when T is below the 
Debye temperature of interlayer phonon mode, κ(T) has slight 3D nature and κ ∝  𝑇2.5, 
similar to that observed in graphite single crystals [66]. As T increases beyond the Debye 
temperature, the interlayer phonon modes are fully occupied and κ ∝  𝑇2, indicative of 
the 2D nature of thermal conduction in a MWNT at these temperature ranges. From this 
crossover behavior of κ(T), Kim et al. [61] estimated the Debye temperature of MWNT 
to be ~ 50 K, which is comparable to the value obtained by a measurement of specific 
heat of MWNT [59]. As T increases further, the strong phonon-phonon Umklapp 
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scattering becomes more effective as higher energy phonons are thermally populated, and 
κ(T) deviates from quadratic temperature dependence. κ reaches a peak when T increases 
to a point where 𝛬L = 𝛬o, and decreases rapidly beyond the point. However, when the 
diameter of MWNT bundle increases, the aforementioned features in κ(T) quickly 
disappear, and κ(T) becomes similar to the bulk measurement on a mat sample [59]. 
 Although CNT is 1D in nature, the thermal effects of 1D phonon quantization in 
CNT (i.e., κ ∝  𝑇1) can only be measurable as T < T1D = hv/rkB, where h is the Planck 
constant, v is the phonon velocity, kB is the Boltzmann constant, and r is the radius of the 
nanotube [61]. Above this temperature, thermal conduction in a CNT essentially behaves 
as in a 2D graphene sheet. 
 In bulk 3D materials such as graphite, heat conduction follows the 
phenomenological Fourier’s law, in which κ is independent of the system size. However, 
Fourier’s law of heat conduction is violated in a 1D system such as CNT where the 
phonon MFP 𝛬 is comparable to the length (L) of the CNT. For heat conduction in CNTs, 
there are three different thermal transport regimes according to the relation between 𝛬 
and L: (1) ballistic regime where 𝛬 ≫ 𝐿, (2) ballistic-diffusive regime where 𝛬 ~ 𝐿, and 
(3) diffusive regime where 𝛬 ≪ 𝐿 [67].  
Shown in Fig. 2.10 are the length dependence of κ for perfect (a) armchair and (b) 
zigzag SWNTs for different diameters at 300 K [68], which shows a transition from 
linear to a power-law function (~ 0.21) of L at about 300 and 200 nm for armchair and 
zigzag SWNTs, respectively. These values are effectively the phonon MFP of perfect 
armchair and zigzag SWNTs, and 𝛬 will be even smaller for synthesized CNTs due to the 
lower degree of lattice perfection in practice. As a result, experimental thermal 
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conductance measurements of CNTs in ballistic and ballistic-diffusive regimes are 
extremely difficult due to the great practical challenge in sample preparation of 
suspended CNTs of nm length. 
 
Figure 2.10 (a) Thermal conductivity κ as a function of L for (a) armchair and (b) zigzag 
SWNTs compared with that of graphene at 300 K; d represents the diameter of individual 
SWNT [68]. 
 
Current experiment works on size effect of thermal conductance in CNTs are all 
in diffusive regime. Classically, the phonon MFP 𝛬  is a characteristic length beyond 
which phonons lose their phase coherence, and conduction follows Fourier’s law in bulk 
materials when L >> 𝛬 . Nevertheless, even in the purely diffusive regime, thermal 
conductance in many 1D systems do not obey Fourier’s law based on theoretical studies 
[67-73]. The thermal conductivity κ of CNTs shows a power law (α) dependence on L 
[67-70], where α < 1 and varies with the chirality of CNTs, disorder, and T. Such 
anomalous thermal conduction in diffusive regime in 1D system was experimentally 
verified in MWNTs and boron nitride nanotubes (BNNTs) [73]. Shown in Fig 2.11 (a) is 
the experiment set-up and technique to measure length dependence of thermal 
conductance in BNNT on the same sample; the same technique was applied to CNTs. 
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The length dependence of measured room temperature thermal resistance of CNT sample  
clearly deviated significantly away from Fourier’s law, and was found to be best fitted by 
assuming κ ∝  𝐿0.6 (Fig. 2.11 (b), upper panel [74]). 
 
Figure 2.11 (a) A SEM image of a thermal conductivity test fixture with a BNNT (BNNT 
sample 1) after five sequences of (CH3)3(CH3C5H4)Pt deposition. The numbers denote the 
nth deposition. The inset shows the SEM image after the first (CH3)3(CH3C5H4)Pt 
deposition. The arrow denotes the preformed rib for suspending the BNNT [74]. (b) 
Normalized thermal resistance vs. normalized sample length for (upper panel) CNT 
sample 4 (solid black circles), best fit assuming κ ∝  𝐿0.6 (open blue stars), and best fit 
assuming Fourier’s law (open red circles); and (lower panel) for BNNT sample 2 (solid 
black diamonds), best fit assuming κ ∝  𝐿0.5  (open blue stars), and best fit assuming 
Fourier’s law (open red circles). [74] 
 
 Interestingly, the thermal conductivity κ of CNTs does not only depend on the 
length L, but is also strongly affected by the lateral dimension of the tube diameter d [67-
68, 75-77]. However, the theoretical expectations of κ(d) so far are very controversial. 
Many works [67-68, 75] have predicted an continuous increase in κ with increasing d, 
and approaches the thermal conductivity of graphene of same length from below (Fig. 
2.12 (a) [68]). This is because graphene has reflection symmetry which strongly restricts 
phonon-phonon scattering, whereas the inherent curvature in SWNT breaks the reflection 




Figure 2.12 (a) Diameter dependence of κ for various SWNTs at T = 300 K, showing all 
the data following a universal fitting curve. All values are normalized with the value of 
graphene (κg) of the same length. [68] (b) κ vs. d for a variety of zigzag (solid red circles), 
armchair (solid blue squares), and chiral (solid green triangles) SWNTs. The black line 
shows κgraphene while the black open squares give κGNR. Open red circles, blue squares, 
and green triangles are RTA results for zigzag, armchair, and chiral SWNTs. For all cases, 
L = 3 µm and T = 300 K. All values are scaled by κgraphene. [76] 
 
Such prediction of diameter dependence of κ of SWNTs agrees well with the 
work of Lindsay et al. [76] when d > 1.5 nm. However when d < 1.5 nm, Lindsay et al. 
predicted a continuous rise in κ with decreasing d until it is almost the same as that of 
graphene of same length for the smallest diameter of SWNTs considered (Fig. 2.12 (b) 
[76]). They attributed this increase in κ to the increasing effect of removal of phonon-
phonon scattering channels outweighing the increasingly violated selection rule with 
increasing SWNT curvature due to decreasing d. Though Thomas et al. [77] also 
predicted an increasing κ for d decreasing from 1.36 to 0.83 nm, the thermal conductivity 
of graphene of same length serves as the lower bound in their works for SWNTs of large 
d, contrary to others’ finding. However, their calculated room temperature κ of graphene 
is one order of magnitude lower than others’ result of graphene of similar length, so it is 




Figure 2.13 Temperature dependence of thermal conductivity of (a) double-walled, (b) 
triple-walled, and (c) quadruple-walled MWNTs for the weak (solid squares) and strong 
(open circles) intertube couplings [78]. 
 
For MWNTs, the intertube coupling will play an additional role in the heat 
conduction through the tubes. Analogous to the weak interlayer interaction between 
graphene layers in bulk graphite, ideally the interaction between these concentric tube 
walls should be very limited. The phonon scattering on different walls is vanishingly 
small since it is difficult to conserve the momentum. However, disorders such as 
vacancies, junctions and intertube misalignments are practically common in MWNTs due 
to the imperfections arising from the synthesis processes. These disorders can induce 
strong coupling between the tube walls and change the selection rule for the phonon-
phonon scattering [78]. Shown in Fig. 2.13 [78] are the values of κ calculated for both 
strong and weak intertube coupling for MWNTs with different number of walls, and the 
intertube interaction is clearly shown to substantially reduce κ when the number of walls 
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increases, and strong intertube coupling has much larger reduction effect on κ compared 
to weak intertube coupling for the same MWNT for T beyond ~ 60 K. 
 Although very high room temperature κ of individual CNTs has been predicted 
[64, 67, 79-80], perfect CNTs do not exist naturally. The imperfection of lattice resulted 
in the practical synthesis or growth processes, and the high tendency of forming bundles 
make the thermal conductance in CNTs subject to many extrinsic effects, resulting in κ 
reduction. As a result, it is practically difficult to control and reproduce the thermal 
conductance properties of CNTs, which greatly limits the applications of CNTs in 
thermal management of devices. 
 
2.4 Thermal Conductance in Graphene 
2.4.1 Phonon Dispersion Relations and Contributions in Heat Conduction 
 In the initial theoretical works of thermal conduction in graphene, both the 
phonon and electron contributions were considered and calculated. Shown in Fig. 2.14 
are the phonon dispersion relations calculated by various method [81-83]. Though they 
differ in many details, the out-of-plane acoustic phonon (ZA) branch calculated all 
exhibit a quadratic dispersion relation in the vicinity of the Γ point in the Brillouin zone 
(a flexural mode), which is in agreement with the characteristic phonon dispersion in 
layered compounds [84]. On the other hand, the in-plane acoustic modes (TA and LA) 
show linear dispersion relations in the vicinity of the Γ point in the Brillouin zone. As a 
result, ZA phonon modes give rise to a 𝑇1.5  dependence of thermal conductance of 
graphene at low temperatures, whereas both the contributions of TA and LA phonon 




Figure 2.14 Phonon dispersion for graphene (a) calculated from first principle using ab 
initio density-functional theory (DFT) and density-functional perturbation theory (solid 
lines) [81], (b) calculated using the valence-force field method [82], (c) obtained using 
the Tersoff empirical interatomic potentials with the optimized parameter set (thick black 
lines) [83], and (d) obtained using the Brenner empirical interatomic potentials with the 
optimized parameter set (thick black lines) [83]. 
 
Based on the quantization of thermal conductance for SWNTs obtained from the 
experimental results below 50 K [58], which has been well explained by ballistic thermal 
transport [85], works have been done to calculate the temperature dependent thermal 
conductance of electrons [86] and phonons [86, 87] for graphene under ballistic thermal 
transport (Fig. 2.15). The contribution of electrons in the thermal conductance of the 
unbiased intrinsic graphene is insignificant (2-3 orders of magnitude lower) compared to 
the contribution of phonons, and although the electron contribution can be raised over the 
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phonon contribution with a significant shift in the Fermi level at very low temperature, it 
increases at a much slower rate with respect to T, and becomes small relative to the 
phonon contribution when T > 10 K. Thus for intrinsic or lightly-doped graphene, its 
thermal conduction is dominated by phonons and the electron contribution may be 
neglected.  
 
Figure 2.15 (a) Per-unit-length thermal conductance derived from phonon (κph) and 
electron (κel) at zero Fermi level shift (µo) (thick solid line), and κel at µo =1, 10, 20, 50, 
100, 150 and 200 meV (thin solid line) successively from the bottom [86]. (b) The T-
dependent thermal conductance of the graphene sheet. Inset: Calculated log (σ/s) vs. log 
T with fit when T ≤ 1 K, indicating a 𝑇1.5 dependence of thermal conductance. [87] 
 
Due to the nature of ballistic thermal transport, the phonon MFP needs to be 
larger than the longitudinal dimension of graphene, i.e., 𝛬 ≫ 𝐿. The thermal conduction 
calculations of graphene in the ballistic regime will not hold when the sample and 
environmental conditions (graphene dimensions, degree of lattice perfection, absolute 
temperature, etc.) deviate from the ideal situation, which either reduces 𝛬  as  1 𝛬� =1
𝛬𝑜�
+ 1 𝛬𝐿� + 1 𝛬𝐷� + ⋯ or for relatively large L, making 𝛬~𝐿 (ballistic-diffusive) or 
𝛬 ≪ 𝐿  (diffusive). As a result, the theoretical prediction of κ in graphene based on 
ballistic thermal transport serves as the upper limit for the thermal conductance in 
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graphene (per unit length thermal conductance 𝐺 𝐿� = κ𝑊𝑡 𝐿2�  ~ 0.32 W/K-m at T = 100 
K [86], equivalent to κ ~ 1 x 103 W/K-m for 1 x 1 µm2).  
 
Figure 2.16 (a) κZA (red dashed), κTA (green dotted), κLA (blue dash-dotted) and the 
combined contributions from the optical branches (dashed purple with crosses) as a 
function of T for L = 10 µm. Values are scaled by κ (T) of free standing SLG (horizontal 
black line) [88]. (b) Normalized κL for few-layer vs. layer number (black circles) at T = 
300 K. Also shown are the contributions for ZA (red triangles), TA (green squares), and 
LA (blue diamonds) phonon branches in κ. The corresponding calculated graphite values 
are shown by the horizontal lines. [89] 
 
All the calculations show a 𝑇1.5  dependence of the thermal conductance of 
graphene in the ballistic regime at low temperature, indicative of the dominant 
contribution of flexural phonon modes in the thermal conductance in graphene. This 
domination of ZA phonon modes in thermal conductance is also observed in some 
theoretical works in the non-ballistic thermal transport regime [88-89]. As shown in Fig. 
2.16 (a), optical phonons have no contribution in the heat conduction in graphene when T 
< 500 K, and only contribute ~ 10% of overall heat conduction when T = 1000 K. Hence 
most of the heat is carried by the three acoustic branches, namely the in-plane transverse 
(TA) and longitudinal (LA) modes, and the out-of-plane (ZA) mode. The flexural ZA 
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phonons contribute more than 60% of heat conduction over the entire temperature range 
up to 1000 K, and more than 70% at room temperature. The dominance of ZA phonons in 
heat conduction is also seen in few-layer graphene up to 5 layers, where they contribute 
more than 60% of heat conduction at T = 300 K for all cases, though the contribution 
slightly decreases with increasing layer number due to the suppression on ZA phonons by 
interlayer coupling, which will be reviewed in Section 2.4.6. 
 
Figure 2.17 Normalized thermal conductivity κ /τ along the Γ-M direction in SLG (upper 
panel) and BLG with AB stacking (lower panel). The solid lines denote the combined 
contribution of all branches. [92] 
 
 Such findings of dominance of ZA phonons in non-ballistic heat conduction in 
graphene contradicts some of the earlier theoretical works (Fig 2.17) where the ZA 
phonons are ignored in the calculation of graphene’s thermal conductivity due to their 
low group velocity and high Grüneisen parameter γ [81-82, 90-92]. Based on a relaxation 
time approximation (RTA) model [91-92], the ZA contribution is postulated to be 
negligible due to large Umklapp scattering rate. However, the expression derived for 
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scattering rate has large uncertainty as the three-phonon scattering processes are not 
explicitly calculated [93]. This issue was addressed by Lindsay et al. [88] with 
calculations of both Normal (N) and Umklapp (U) scattering processes in graphene. They 
obtained a selection rule based on the reflection symmetry in flat 2D system, which states 
that only even numbers (including zero) of flexural phonons can be involved for all 
orders in anharmonic phonon-phonon scattering in 2D crystals such as graphene. It was 
found that 60% of both the N and U three-phonon scattering phase space of ZA phonons 
is forbidden by the selection rule, and their following work [89] showed that this 
selection rule violation accounts for 70% of the drop in κ of few-layer graphene. Seol et 
al. [94] incorporated this selection rule in an exact numerical solution of the linearized 
phonon Boltzmann transport equation (BTE) for SLG. Based on their calculations, the 
ZA modes can contribute as much as 77% and 86% of the total κ at 300 K and 100 K, 
respectively, for a 10-µm-long suspended SLG with specular edges and C13 isotope of 
natural concentration of 1.1%.  
 In addition, the density of states (DOS) of ZA phonons is much larger than that of 
LA and TA phonons. As already reviewed, the ZA phonons in graphene have a quadratic 
dispersion in the vicinity of the Γ point in the Brillouin zone: ωZA (k) =αZAk
2, where ωZA 
is the ZA phonon frequency, αZA is a positive constant and k is the 2D wave vector. The 
corresponding DOS of ZA phonons (= 1/4𝜋𝛼ZA), is also a constant. On the other hand, 
both in-plane phonons have a linear dispersion in the vicinity of the Γ point in the 
Brillouin zone: ωTA (LA) (k) =αTA (LA)k, with the DOS in the form of  𝜔/2𝜋𝛼TA(LA)2 . The 
mean number of phonons per unit ω is 𝑁(𝜔) = 𝑛0(𝜔)𝐷(𝜔), where 𝑛0(𝜔) is the Bose 
distribution function. Note that 𝑁𝑍𝐴(𝜔) diverges as 1/ 𝜔, while 𝑁𝑇𝐴 (𝐿𝐴)(𝜔) → constant 
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when 𝜔 → 0. Thus the ratio of 𝑁𝑍𝐴(𝜔)/𝑁𝑍𝐴(𝜔) diverges when 𝜔 → 0, i.e., ZA phonons 
have much larger DOS than LA and TA phonons at low frequency bands. Thus, for any T, 
the vast majority of thermally excited phonons come from the ZA branch. Furthermore, 
while the group velocities of ZA phonons are negligible, they can reach a value more 
than half that of the TA phonons for very small k, which is far from negligible. Lindsay et 
al. [88] concluded that the accurate inclusion of the momentum conserving Normal 
phonon-phonon scattering processes within the context of a full solution of the phonon 
Boltzmann equation is essential in accurately describing the graphene thermal 
conductivity, in contrast to the more commonly used relaxation time and long wavelength 
approximations. 
 Summarizing in brief, for suspended intrinsic or lightly doped graphene, electron 
contribution is negligible compared to phonon contribution to heat conduction, and only 
acoustic phonons participate in heat conduction over a large temperature range (0 < T < 
500 K), with the contribution of ZA phonons dominating in SLG up to few layer 
graphene. Due to the quadratic dispersion relation of ZA phonons, the thermal 
conductivity κ of graphene follows a 𝑇1.5  dependence at very low temperatures for 
ballistic thermal transport. On the other hand, in highly doped graphene of high degree of 
lattice perfection, the electrical contribution in heat conduction can be comparable to that 
of phonons based on the recent theoretical calculation using BTE approach for suspended 




Figure 2.18 Electronic thermal conductivity vs. electron concentration at T = 300 K for (a) 
suspended and (b) supported BLG. Dashed: acoustic phonons, dotted: charged impurity, 
dash-dotted: short-range disorder, and solid: combined due to all the mechanisms. Dash-
double dot in (b): surface polar phonons, which is an additional scattering effect for 
electrons in supported BLG. [95] 
 
2.4.2 Thermal Conductance Measurement Techniques 
 There are two main experimental approaches to measure the in-plane thermal 
conductance of graphene, based on either micro-Raman spectroscopy [90, 96-100] or a 
thermal bridge approach [94, 102-105]. The first reported experimental thermal 
conductivity measurement of graphene was performed by Balandin et al. [96] on 
suspended SLG using a micro-Raman technique in 2008, who showed that the room 
temperature κ is in the range of (4.84 ± 0.44) to (5.30 ± 0.48) × 103 W/K-m. Shown in 
Fig. 2.19 is the schematic for the experimental set-up of the micro-Raman technique. The 
SLG is mechanically exfoliated to suspend over a 3 µm wide trench with a nominal depth 
of 300 nm. Thermal conductance measurements are carried out using confocal  micro-
Raman spectroscopy to restrict the sampling volume to the suspended portion of SLG. 
The laser beam is focused at the center of SLG to create a local hot spot due to the laser 
heating of the SLG. By assuming heat conduction through air is negligible, the heat has 
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to dissipate laterally through the SLG towards the supported portion in contact with 
substrate which serves as the heat sink, and results in a detectable rise of local 
temperature even with a small amount of absorbed power. 
 
Figure 2.19 Schematic of the experiment showing the excitation laser light focused on a 
graphene layer suspended across a trench. The focused laser light creates a local hot spot 
and generates a heat wave inside SLG propagating toward heat sinks. [96] 
 
The local temperature rise induced by the laser radiation is calculated based on 
their previous works of the temperature dependence of the G peak in the Raman spectrum 
of supported graphene [106-107], in which G peak was found to red shift approximately 
linearly with the local temperature rise for supported SLG, BLG, and highly oriented 
pyrolytic graphite (HOPG) (Fig. 2.20). By assuming the thick graphitic layers attached at 
the two sides to be good heat sinks with no temperature change, the thermal conductivity 
of the suspended SLG was calculated to be in the form of  
κ= 𝜒𝐺( 𝐿2𝑡𝑊)(𝛿𝜔𝛿𝑃)−1       2.4 
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where 𝜒𝐺  is the pre-determined temperature coefficient of the G peak shift, and 
𝛿𝜔
𝛿𝑃
 is the 
rate of G peak shift with the change in the heating power on graphene. 
 
Figure 2.20 (a) Temperature dependence of the G peak position for SLG. The inset shows 
the shape of G peak. The measured data were used to extract the temperature coefficient 
for G peak. [106] (b) Temperature dependence of the G peak position for BLG and 
HOPG. The inset shows the shape of the G peak and its shift for SLG. [107] 
 
The main advantage of this micro-Raman technique is the ease of sample 
fabrication for suspended graphene flakes and measurement setup. Since graphene flakes 
can be directly exfoliated onto pre-defined trenches without any patterning or chemical 
processes, and the measurement is done using a non-contact optical method, the superior 
quality and surface cleanness of graphene can be preserved with minimal contamination. 
In addition, the dimension and geometry of the graphene sample can be conveniently 
controlled by the size and geometry of the pre-defined trench. Hence this technique 
provides high throughput in the characterization of thermal properties of graphene, and 
many of the following thermal measurements were carried out using this technique, 
though some employed other temperature dependent features in the Raman spectrum of 
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graphene to calculate κ viz. intensity ratio of Stokes and anti-Stokes signal of graphene 
G-band [98] or red shift of Raman 2D-band [101] (Fig 2.21). 
 
Figure 2.21(a) Lattice temperature as deduced from the intensity ratio of Stokes and anti-
Stokes signals of the graphene G-band Raman scattering signals, (black dots), measured 
at room temperature with a laser power of 6.2 mW focused down to 2 µm diameter spot. 
The data point on the copper plate is fixed at T = 295 K. The solid red line is the solution 
of the temperature profile obtained by finite elements simulation. Inset: Stokes and anti-
Stokes Raman scattering spectra of the G-band graphene membrane measured under 6.2 
mW of laser excitation focused at different points on the membrane (at different distances 
from the center of the membrane). [98] (b) Shift of the Raman 2D band as a function of 
the laser power (i.e., local temperature) [101]. 
 
Nevertheless, there are several significant drawbacks of this micro-Raman 
technique. First of all, the temperature dependent Raman features used - red shift of the 
G- or 2D-band, or intensity ratio of Stokes/anti-Stokes signals - all have very limited 
temperature sensitivity (Fig. 2.20 and 2.21), which makes the temperature resolution of 
the micro-Raman technique often poorer than 50 K. The accuracy of temperature readout 
is very limited, and results in the poor accuracy of κ calculated. As the temperature rise in 
the suspended graphene needs to exceed 50 K to improve accuracy, the large temperature 
difference across the graphene sample makes accurate temperature dependence study 
difficult. Secondly, the as-measured κ depends linearly on the percentage of the laser 
38 
 
power absorbed by the graphene. Despite various types of calibration being carried out, 
there is still a wide variation of values being used, ranging from 2.3% [98] to 13% [96]. 
As a result, the reported values of κ for suspended SLG at 300 K show great variation 
ranging from 600 to 5800 W/K-m. Lastly, most Raman systems are limited to operate 
under ambient conditions, thus the thermal conductance of graphene at low temperature 
that is useful for understanding its fundamental physics could not be studied. Even near 
room temperature, as-measured κ has very large error bars (Fig. 2.22 (a)).  
 
Figure 2.22 Thermal conductivity of the suspended CVD graphene measured (a) in air 
[99], and (b) in vacuum [100], as a function of the measured graphene temperature. Also 
shown in comparison are the literature thermal conductivity data of PG samples as a 
function of T.  
 
In addition, though the heat loss through air via conduction can be ignored due to 
its extremely low value of thermal conductivity, the heat loss through air convection is 
quite significant. As shown in Fig. 2.23 (a) [100], the temperature rise induced by the 
same absorbed laser power differs significantly when a suspended SLG of d = 9.7 µm 
was measured in ambient air or in vacuum (~ 0.1 mbar). Ignoring the heat loss through 
air yields a κ value 14-40% higher than that measured in vacuum [100], showing that this 
parasitic heat loss causes significant errors in the obtained κ. While performing micro-
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Raman measurements in vacuum can eliminate this source of error, comparable 
measurement uncertainty propagated from those in the temperature and the optical power 
still remain (Fig. 2.22 (b) [100]). 
 
Figure 2.23 The 2D peak shift measured at the center of the suspended CVD SLG as a 
function of absorbed laser power for (a) suspended SLG of d = 9.7 µm in vacuum, CO2 
and air; and (b) suspended SLG  of d = 2.9, 3.9, 5.0, 8.0 and 9.7 µm in vacuum. [100] 
 
As a result, although the micro-Raman technique offers a high yield method for 
thermal measurements on high quality graphene, the limited temperature range and poor 
accuracy greatly limit its use in investigating the fundamental physics of thermal 
conduction in low dimensional systems. Such limitations are absent in the measurement 
using the thermal bridge configuration, which has been successfully employed in studies 
on graphite and CNTs. In view of this, researchers have started to perform thermal 
conductance measurements in graphene using this approach.  
The thermal bridge method is very similar to that used in studying CNTs, and it 
was first employed to measure thermal conductance in supported graphene due to the 
challenge in preparing samples of suspended graphene straddling two suspended micro-
thermometers. Shown in Fig. 2.24 are the SEM images of supported SLG in a thermal 
bridge configuration, where the SLG is placed between two temperature sensors. The 
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thermal bridge system is suspended by long beams for thermal isolation, and 
measurements were conducted in vacuum to avoid convective losses. The heating power 
and precise temperature can be measured via the electrical resistance of the resistive 
sensors, from which κ can be accurately extracted. This conventional configuration has 
very high temperature sensitivity and accuracy, and allows thermal measurements at low 
temperatures (down to 15 K [105]) in vacuum.  
 
Figure 2.24 SEM images of (a) the suspended device, and (b) the central beam for 
supported SLG in thermal bridge configuration [94]. 
 
Two different processes have been developed to fabricate graphene samples for 
measurements in this configuration. The first is a top-down process [94]. Graphene is 
mechanically exfoliated on the standard SiO2/Si substrate, then the micro-electro-thermal 
systems (METS) structure is fabricated through a series of EBL and metallization 
processes to align with the sample, which is then patterned by plasma etching. The whole 
structure is finally released for suspension by wet-etching away the substrate, as shown in 
Fig. 2.25. The major limitation is that this process flow is restricted to the fabrication of 




Figure 2.25 Schematic diagram of top-down sample fabrication process in a thermal 
bridge configuration. (a) A graphene flake was exfoliated on a 300-nm-thick SiO2 film 
thermally grown on a Si wafer. (b) Au/Cr RT lines were patterned with the use of EBL 
and metal lift-off, followed by the patterning of graphene using EBL and oxygen plasma 
etching so that only the part of graphene flake between the two inner straight RTs left. (c) 
Windows in the SiO2 layer were patterned and etched to form Au/Cr/SiO2 beams and 
graphene/SiO2 beams. (d) The device was suspended by etching the underlying silicon 
substrate in a TMAH solution. All schematics are not to scale. [102] 
 
The second is a transfer process [104]. Graphene is mechanically exfoliated on a 
Si substrate coated with a  90  nm thick poly(methyl methacrylate) (PMMA) layer, which 
permits optical identification of the flakes. The pre-fabricated thermal test structure is 
then aligned to the graphene with the top-side down, and attached to it with the help of a 
drop of isopropyl alcohol (IPA). After electron beam exposure of PMMA near the two 
central thermometers, the device is wetted in methyl isobutyl ketone (MIBK) and acetone 
to release the entire suspended structure, as shown in Fig. 2.26. A similar transfer 
technique using PMMA as the medium is employed to fabricate both supported [103] and 




Figure 2.26 Schematic of the BLG transfer procedure showing (a) exfoliation of BLG 
onto PMMA on Si, (b) attachment and alignment of micro-resistance thermometer device 
to BLG with the help of a drop of IPA, (c) electron beam exposure of PMMA near the 
two central membranes, and (d) BLG suspended between two micro-thermometers after 
wetting in methyl isobutyl ketone and acetone. [104] 
 
The major drawback of such transfer technique is the poor surface cleanness and 
quality of the final samples. Shown in Fig 2.27 [104] are the TEM images of suspended 
BLG, in which a relatively uniform layer of organic residue can be seen on the surface. 
Since the ZA phonons dominate in heat conduction in graphene, the graphene-residue 
interaction would degrade significantly the thermal conductance of graphene, in a manner 
similar to the substrate effect that will be reviewed in Section 2.4.6. In addition, the usage 
of XeF2 gas for dry etching of Si substrate [103] is shown to fluorinate graphene even at 
room temperature [108]. The chemical functionalization of graphene involving the 
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formation of out-of-plane sp3 hybridization has even greater detrimental effect on the 
thermal conductance of graphene, which will be discussed in Section 2.4.9. 
 
Figure 2.27 (a) TEM image of BLG after hydrogen annealing at 770 K showing a clean 
triple-folded edge, scale bar: 2 nm. (b) Lower resolution reveals a relatively uniform 
layer of organic residue approximately 10 nm from the quintuple-folded edge, scale bar: 
10 nm. [104] 
 
 In summary, the in-plane thermal conductance in graphene has previously been 
investigated experimentally by either the micro-Raman technique or the thermal bridge 
technique. The micro-Raman technique offers a fast and convenient way to examine the 
thermal conductance in high quality pristine graphene, but is limited by fairly poor 
accuracy due to the uncertainty of extracted parameters; whereas the thermal bridge 
technique provides excellent accuracy in the measured results and flexibility in the 
experimental parameters, with the drawback of poorer sample quality due to 
contamination or chemical functionalization arising from sample fabrication processes. 
Thus the thermal bridge technique has the potential for accurate investigations into 
fundamental physics of thermal conduction in graphene provided the quality of final 
samples can be guaranteed. 
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2.4.3 Temperature Dependence 
 As reviewed in Section 2.4.1, the ZA phonons dominate in the heat conduction in 
graphene, yielding a 𝑇1.5  thermal conductivity dependence at very low T for ballistic 
thermal transport (𝛬 ≫ 𝐿) due to high degree of perfection of graphene lattice. The 
measured per unit area thermal conductance of suspended SLG below 60 K has a 
temperature dependence very close to 𝑇1.5 (Fig. 2.28 [105]). When T increases, phonon-
phonon scattering increases, and 𝛬 approaches L. The thermal conduction is then ballistic 
diffusive, and the temperature dependence deviates from 𝑇1.5. A maximum is reached 
when 𝛬 = L, beyond which κ starts to decrease. As T further increases and  𝛬 reduces, the 
thermal conduction becomes fully diffusive when 𝛬 ≪ 𝐿  and Umklapp scattering 
dominates, resulting in a 𝑇−1 dependence; this dependence is similar to that observed for 
CNTs and pyrolytic graphite (Fig. 2.22). 
 
Figure 2.28 Thermal conductance per unit cross section of SLG as a function of T (solid 
circles). The data can be fitted by 1.7 × 105 𝑇1.53  W/K-m2 (red dashed curve). The 
measured data is approaching the expected ballistic limit in graphene sheets (blue dashed 
curve). [105]  
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2.4.4 Length Dependence 
 Many theoretical works [88-89, 91, 109-114] have been done to investigate the 
length dependence of both SLG and few layer graphene, where the major interest is in the 
non-ballistic transport regime, since κ is simply linearly dependent on L in ballistic 
regime.  
 
Figure 2.29 Dependence of the thermal conductivity of a rectangular graphene ribbon on 
the ribbon length L shown for (a) different specularity parameters p with width fixed at 5 
µm, and (b) different ribbon width with specularity parameter fixed at 0.9. [111] 
 
Shown in Fig. 2.29 [111] is the length dependence of κ of graphene over a very 
large length range for different specularity and different width, demonstrating that κ 
strongly depends on L when L is in the µm range, though an unusual non-monotonic 
length dependence of κ has been observed. It was found that the long MFP of the long-
wavelength acoustic phonons in graphene can lead to length dependence, and the effect is 
pronounced for ribbons with smooth edges (specularity parameter p > 0.5) and smaller 
width. In µm length range, κ increases rapidly with L when L < ~ 100 µm, as the phonons 
with the MFP limited solely by the length are the main heat carriers. Such length 
dependence of κ is also obtained by other theorists. For L > 100 µm, the second order 
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anharmonic processes become the main scattering mechanism for the long wavelength 
phonons, the number of phonons with MFP also dependent on width increases, resulting 
in the reduction in κ, and final saturation to a finite value when the MFP of all phonons is 
limited by the width. Wang et al. [103] tried to investigate such length dependence of 
supported TLG, and found out that κ is reduced by ∼ 85% when the sample length is 
reduced from 5.0 to 1.0 µm for a 5.0-µm-wide TLG. 
 
2.4.5 Width Dependence and Edge Effect 
 The phonon transport and corresponding thermal properties undergo substantial 
modification in graphene nanoribbons (GNR), where the feature width is smaller than the 
phonon MFP, and the phonon transport is ballistic and limited by the ribbon size and 
edge characteristics.  The width (W) dependence of κ of graphene nanoribbons has been 
investigated theoretically up to W ~ 35 nm [87, 114-119].  Shown in Fig. 2.30 is the W 
dependence of κ in graphene nanoribbons at 300 K and 100 K, where both show a similar 
trend: the scaled thermal conductance decreases rapidly with increasing W when W < ~ 2 
nm, changes very slowly with W when W > 2 nm, and becomes almost independent of W 
when W > ~ 12 nm [114] or 15 nm [87]. It is also shown in Fig. 2.30 (a) that scaled 
thermal conductance of zigzag GNR (ZGNR) is larger than that of armchair GNR 
(AGNR) up to 35 nm at 300 K, indicative of the substantial effect of edge geometry on 
the thermal conduction in GNR with small width. Such phenomena were also observed in 
other studies [109, 114-116, 120-121], and has been found to be caused by much higher 
suppression of thermal conduction at the edges of AGNR. The localization of phonons in 
the regions near and at the edges of AGNR is found to be much stronger than that of 
47 
 
ZGNR by analyzing the phonon spectra, and reduces the phonon population participating 
in the thermal conduction. In addition, the enhanced phonon scattering by those localized 
modes further reduces κ. Such edge geometry effect diminishes with ribbon width. 
 
Figure 2.30 (a) The scaled thermal conductance at 300 K vs. W for ZGNR (black square), 
AGNR (red circle), ACNT (blue triangle) and ZCNT (cyan diamond). The inset: The 
scaled thermal conductance for ZGNRs and AGNRs with W varying from 0.5 to 35 nm. 
[114] (b) Convergence of the thermal conductance of the graphene strip with increasing 
width at 100 K [87]. 
 
2.4.6 Interlayer Interaction and Substrate Effect 
 In contrast to conventional semiconductor thin films, the in-plane κ is 
theoretically shown to decrease with increasing thickness from suspended SLG to few 
layer graphene [89, 110, 117, 122], indicating a crossover from 2D towards 3D thermal 
conduction. Ghosh et al. [96] experimentally investigated this crossover of thermal 
conduction by analyzing the interlayer interaction using a micro-Raman setup. Graphene 
samples of different thicknesses were prepared similar to the method shown in Fig. 2.19. 
Fig. 2.31 shows the room temperature κ of graphene measured and plotted against the 
number of atomic planes. It is clear that the value of κ decreases as the thickness 
increases, and intersects that of high quality bulk graphite at ~ 4 atomic planes. This trend 
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was explained by considering the intrinsic quasi 2D crystal properties described by the 
phonon Umklapp scattering. As thickness in FLG increases, additional phonon branches 
for the heat transfer appear. However, at the same time, more phase-space states become 
available for phonon scattering, and results in large increase in Umklapp scattering. As a 
result, the thermal conductivity decreases. 
 
Figure 2.31 Measured thermal conductivity as a function of the number of atomic planes 
in few layer graphene. The dashed straight lines indicate the range of bulk graphite 
thermal conductivities. [86] 
 
The thermal conductivity, and its dependence on the thickness can be entirely 
different for supported graphene, where thermal conductance is limited by the acoustic 
phonon scattering at the graphene-substrate interface. Many theoretical works have been 
done to investigate the effect of substrate on κ of graphene for various substrates [123-
126], and the room temperature κ of SLG shows one order decrease in magnitude for 
semiconductor device substrates, such as SiO2 and SiC. The experimentally measured κ 
of SLG of 1.5 to 3.2 µm in width and 9.5 to 12.5 µm in length supported on SiO2 is ~ 600 
W/K-m at room temperature [101], which is about one order of magnitude lower than 
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theoretical prediction and experimental results for suspended SLG. As the thickness 
increases, the substrate effect diminishes over the layers, giving rise to an increase in κ 
with respect to thickness for supported graphene. This can be seen from the higher 
measured κ of TLG of 5 x 5 µm2 supported on a SiNx substrate of 1250 W/K-m at room 
temperature [103]. Such thickness dependence of increasing κ for supported graphene is 
also found in encased graphene [127]. 
 
2.4.7 Isotope and Defect Effect 
 Isotope and defects in graphene present two more additional scattering 
mechanisms for phonons, which reduce the phonon MFP and consequently the thermal 
conductance in graphene. Natural carbon allotropes are made up of two stable isotopes of 
C12 (~ 98.9%) and C13 (1.1%), so the effect of isotopic scattering is inevitable in natural 
graphene. The relative concentrations of isotopes and crystal lattice defects can 
dramatically affect the thermal conductivity [82, 128-133]; κ can be reduced by 1 to 2 
orders of magnitude. Studies show that κ experiences a rapid drop at small defect density 
levels (≤ 0.2%) [129-130], followed by a gradual drop with increasing defect density, and 
becomes almost insensitive to defects at large defect concentration (≥ 4%) [128-129].  
The effect of isotope scattering was first experimentally studied on suspended graphene 
synthesized using a chemical vapor deposition (CVD) technique [133], where the 
concentration of C13 is controlled during the synthesis process and the thermal 
measurements were carried out using the micro-Raman technique. The thermal 
conductivity of the pure C12 (0.01% C13) graphene was measured to be more than 4000 
W/K-m at T ~ 320 K, which is more than a factor of two higher than that of graphene 
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composed of a 50% - 50% mixture of C12 and C13 (see Fig. 2.32 (b)). The evolution of 
thermal conductivity with the isotope content was attributed to the changes in the phonon 
-point defect scattering rate due to mass difference of the two C isotopes. 
 
Figure 2.32 (a) Normalized κ of a SLG with monatomic vacancies or Stone-Wales 
dislocations with numerical fitting and predictions from the Maxwell-Garnett EMT [130]. 
(b) Temperature dependent κ of the suspended CVD graphene film with C13 isotope 
concentrations of 0.01%, 1.1% (natural abundance), 50% and 99.2%, respectively [133]. 
 
2.4.8 Strain Effect 
The effect of strain engineering on the thermal conductivity of graphene and GNR 
has been studied theoretically [107, 134-137] for both ballistic and non-ballistic thermal 
transport. Uniaxial tensile strain was found to enhance conductance for ballistic thermal 
transport due to the convergence of phonon spectra to the low-frequency region [134]. On 
the other hand, both uniaxial tensile and compressive strain generally reduce conductance 
for non-ballistic thermal transport [107, 135-137]. For non-ballistic thermal conduction 
under strain as shown in Fig. 2.33, under slight uniaxial strain (< 0.05), both tensile and 
compressive strains reduce the thermal conductivity gradually at the same rate, but due to 
different mechanisms. Under tensile strain, κ is reduced by softening the phonon modes, 
while under compressive strain the phonon modes are almost constant. However, the 2D 
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atomic monolayer structure can form corrugations under compressive strain to release the 
stress by transverse deflection, and results in unfavorable propagation for phonons which 
reduces κ. Under large uniaxial strains, κ becomes more sensitive to tensile strains and 
drops more rapidly, but is almost insensitive to compressive strain. The effect of biaxial 
strain is much more complicated, and it has been shown that in some cases of biaxial 
strain, compressive strain in the longitudinal direction and tensile strain in the transverse 
direction, the graphene has higher κ than in the absence of strain [136]. 
 
Figure 2.33 The normalized thermal conductivities of 10-ZGNRs (red square) and 19-
AGNR (black circle) as a function of uniaxial strain along the ribbon direction. The 
thermal conductivity of GNRs without strain is taken to be the reference value, which is 
77.3 W/K-m and 74.7 W/K-m for 10-ZGNR and 19-AGNR, respectively. [136] 
 
2.4.9 Effect of Chemical Functionalization  
 Unlike the weak van der Waals force involved in the graphene-substrate 
interaction, much stronger covalent bonds are formed between functional groups and C 
atoms for chemical functionalization, changing the 2D sp2 C into 3D sp3 C, which is 
primarily responsible for a reduction in thermal conductance in functionalized graphene. 
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Theoretical works have been done to investigate the effect on κ by chemical 
functionalization using H [138-140], hydrocarbons [140-141] and F [142] as the 
functional groups. It has been shown that the thermal conductivity of  free standing SLG 
drops very rapidly with initial increase in degree of functionalization, and eventually 
reaches a maximum reduction beyond 80% for all functional groups. Interestingly, it was 
also noted that the heavier the functional group is, the larger the reduction in κ; the 
maximum reduction in κ occurs at only 10% coverage for  phenyl (-C6H5) groups [141].  
 
Figure 2.34 Degree of functionalization dependence of the thermal conductivity for the -
CH3 group and -C6H5 group compared to the -H group for 40-AGNR [141]. 
 
2.4.10 Contact Thermal Conductance 
Thermal contacts are essential at the boundaries of graphene for experimental 
investigation of thermal conductance, thus it is of practical importance to understand the 
origin as well as the relative magnitude of the thermal contact resistance. The propagation 
of phonon waves are impeded at the interface between graphene and contacts due to the 
mismatch in the phonon spectra, especially in the acoustic branches, resulting in a finite 
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thermal contact resistance. Its magnitude can vary several orders of magnitude, 
depending on the contact material, the overlapping area and the quality of the interface. 
Contact thermal resistance between graphene or graphite basal plane and commonly used 
substrate (SiO2) and metal contacts (Au, Cr, Ti, Ta, Al and Pt) has been experimentally 
measured, which are all in the order of 10-8 K-m2/W and found to be independent of the 
number of atomic layers in graphene [17, 143-147] (Fig. 2.35). As a result, the contact 
thermal resistance from a nominal contact area of 1 µm2 is several orders of magnitude 
lower than that of the graphene for large length sample, and has negligible impact on the 
heat conduction. However, it may be of concern when the size of graphene flakes is much 
smaller, or when the quality of contact between graphene and other materials is poor. 
 
Figure 2.35 (a) Measured thermal interface conductance as a function of graphene layer 
thickness [144]. (b) Thermal interface conductance values plotted against Debye 
temperature ratios for the metal-HOPG samples studied [147].  
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Chapter 3 Experimental Techniques 
As reviewed in Section 2.4.2, experimental measurements of in-plane thermal 
conductance of graphene are carried out by two main techniques: the non-contact micro-
Raman technique and the thermal bridge technique. The micro-Raman technique has 
inherent accuracy limitations, whereas the thermal bridge technique faces issues of poor 
sample quality arising from the sample preparation and fabrication process. In this thesis, 
we present two improved transfer techniques for both supported and suspended graphene. 
By either modifying or eliminating some processes that would degrade the cleanness 
or/and quality of samples, the fabricated samples are shown to be of high quality, and 
free of residues and impurity particles. The major advantage of guaranteed sample quality, 
together with the high accuracy of thermal bridge technique, enables us to examine the 
thermal conductance in pristine graphene more accurately. Details of the two transfer 
techniques will be discussed in the first part of this chapter.  
In the second part, the thermal measurement methodology for graphene samples 
using the thermal bridge configuration is described. The detailed measurement cycle for a 
large temperature range (from 77 to 400 K) and the method to extract the total thermal 
conductance from the center of the heater to that of the sensor are presented. The focused 
electron beam heating technique, which can be used to perform spatially-resolved thermal 
resistance measurements, and is essential for the extraction of thermal conductance of 
supported graphene, are described. A different approach for the extraction of the thermal 




3.1 Sample Preparation Techniques 
3.1.1 Wet Transfer Technique 
 The thermal bridge configuration was employed in this work for thermal 
conductance measurements of both supported and suspended graphene. We designed 9 
sets of micro-electro-thermal system (METS) devices (Inset in Fig. 3.1 (a)), which were 
fabricated following a similar process previously reported [1]. 
 
Figure 3.1 (a) Large scale SEM image of unreleased METS for supported sample 
fabrication. Inset: a wafer of the METS of all designs. (b) Schematic, (c) optical image 




Fig. 3.1 (a) shows the SEM image of an unreleased METS used for supported 
samples. The METS consists of a 300 nm thick SiNx layer as mechanical support and a 
patterned 60 nm thick Pt layer on top for electrical connection. In the center of the device, 
the METS sits on a 500 nm Si layer which serves as a support for all processing steps 
before release. Fig. 3.1 (b-d) shows the schematic, and optical and SEM images of a 
supported sample.  The labels “heater” and “sensor” in Fig. 3.1 (d) denote the heat source 
and heat sink, which are structurally the same and symmetrical: each comprises a SiNx 
island suspended by six long SiNx beams for thermal isolation from the bulk substrate, 
and the serpentine Pt loops on top act as a resistance heater and thermometer. There is a 5 
x 5 µm2 SiNx bridge in between the heater and the sensor to support the graphene. Two 6 
x 14 µm2  Cr/Au (5 nm/45 nm) pads are deposited during the fabrication process to serve 
as both mechanical clamps for better contacts, and a better heat conduction path between 
the Pt loop and graphene to enhance the sensitivity of thermal measurement. 
 
Figure 3.2 Optical images of (a) SLG and (b) multilayer graphene, scale bars: 20 µm. 
 
 Only natural graphite was used to produce flakes of graphene by mechanical 
exfoliation. Suitable flakes in terms of thickness, uniformity and size were first identified 
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and located with respect to thick graphite nearby as a reference marker using an optical 
microscope. The layer number of SL-, BL- and few layer graphene was primarily 
determined from optical contrast. Fig. 3.2 shows examples of SLG and multilayer 
graphene. Since the exfoliation of graphitic flakes would result in deposition of tape 
residues on the surface, the exfoliated samples were thermally annealed in forming gas (5% 
H2 /95% Ar, 400 sccm, 10 Torr) at 320 ºC for 2 hours to remove the residues. The quality 
and surface cleanness of sample flakes were then examined using Raman spectroscopy 
(532 nm) and AFM measurement, respectively, from which the thickness of the flakes 
was also determined.  
 
Figure 3.3 (a) Raman spectra of SLG, BLG and TLG at 532 nm. (b) AFM images of 
graphene flakes of different thickness, scale bar: 5 µm. 
 
Fig. 3.3 (a) shows the Raman spectra of SLG, BLG and TLG, the characteristic 
peak near 1582 cm-1 (G peak) is a signature for graphitic lattice, and the FWHM value of 
the peak near 2680 cm-1(2D peak) provides another convenient and reliable method to 
identify thin graphene flake up to 5 layers.  In some Raman spectra of graphene samples, 
there could be another peak near 1345 cm-1 (D peak), which indicates the presence of 
defects. The absence of a detectable D peak in Fig. 3.3 (a) suggests a very small amount 
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of defects, indicative of high quality samples suitable for thermal measurement. On the 
other hand, defective samples with detectable D peak were discarded. The 2D peaks 
become indistinguishable when the graphitic samples are thicker than 5 layers, in which 
case the actual thickness of the samples would be determined using AFM. Fig. 3.3 (b) 
shows a sample flake of different thickness, the thickness of each region could be 
determined by performing line profiling across the sample flake with the substrate as the 
reference. Though there may be some impurity particles on the flake, a region free of 
residues and particles is sufficient for sample fabrication; in other words, AFM also 
serves as a guide for the selection of area of interest.  
When suitable flakes have been identified and thermally annealed (Fig. 3.4 (a)), 
we used PMMA as the medium for transfer: a 600 nm-thick layer of EBL-grade PMMA 
was spin-coated onto the sample and post-baked at 120 °C for 2 hours to improve its 
adhesion to the graphene. This PMMA layer, together with the carbon flakes, was 
subsequently detached in 45 wt.% KOH solution at room temperature, and any residual 
KOH solution was fully rinsed away in DI water. This film was then transferred on a pre-
cleaned METS device, similar to the one shown in Fig. 3.1 (a), in DI water. The area of 
interest was moved to the vicinity of the measurement structure first, and was then 
carefully aligned onto the central bridge (Fig. 3.4 (b)), which was achieved by 
manipulating the position of the robust PMMA film. The remaining DI water was then 
slowly drained away until emptied; the alignment was continuously monitored. The 
sample was left to dry naturally; due to the hydrophobic nature of PMMA, the DI water 
would be fully removed, and ensured good adhesion of graphene on the METS surface 




Figure 3.4 Wet transfer technique process. (a) Optically identified and thermally annealed 
flake. (b) The area of interest is aligned on top of central bridge with PMMA film in DI 
water. (c) PMMA is fully removed using chloroform, leaving flakes on top of the METS. 
(d) PMMA mask is patterned using EBL for subsequent oxygen plasma etching. (e) 
PMMA mask is again removed using chloroform. (f) Two Au pads are deposited to 
improve mechanical adhesion and sensitivity of thermal measurement. (g) Ni mask is 
deposited for sample protection. (h) Supporting Si substrate is etched by KOH. (i) Ni 
mask is finally removed by acid. 
 
Though acetone is commonly used to remove PMMA, it would leave residues on 
the sample surface, which could only be partially removed by thermal annealing in 
various gas ambients [2], and inevitably results in a contaminated sample surface. Shown 
in Fig. 3.5 are the SEM and TEM images of our supported and suspended graphene 
samples prepared using acetone, showing an extensive distribution of residues. Acetone 




Figure 3.5 (a) SEM of supported and (b) TEM of suspended graphene samples fabricated 
using transfer technique in which acetone was used to remove PMMA. 
 
Chloroform was selected as the solvent of choice as it has previously been shown 
to produce much cleaner graphitic surfaces when used to remove polycarbonate [3] 
compared to acetone; chloroform has also been found effective in stripping PMMA and 
leaving the surface free of residue [4]. Moreover, it is commonly used as a solvent for 
PMMA [5] due to its high dissolvability for PMMA and miscibility with traditional 
lithography solvents. In view of this, we carefully examined the graphene surface after 
the removal of PMMA in chloroform by SEM, AFM and TEM. No trace of PMMA is 
shown to be left on the sample surface after repetitive rinsing in chloroform and IPA, and 
the quality of sample is very good. The detailed surface and quality analyses of the 
sample as-prepared will be discussed below in section 3.1.3. As a result, the removal of 
PMMA in all sample fabrication steps described in this thesis was carried out using 
chloroform with one exception which will be addressed shortly. 
After the removal of PMMA, the device was baked at 100 °C to improve adhesion 
of graphene to the METS. The graphene flake was then patterned into rectangular flakes 
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via a standard EBL process followed by oxygen-plasma etching (Fig. 3.4 (d)). The 
PMMA mask was once again removed in chloroform to leave the patterned graphene 
flake at the target position (Fig. 3.4 (e)). Two steps of metallization, including two 6 x 14 
µm2 Cr (5 nm)/Au (45 nm) pads serving as mechanical clamps (Fig. 3.4 (f)) and then one 
15 x 6 µm2 Ni (75 nm) protection mask (Fig. 3.4 (g)), were performed subsequently via 
two cycles of EBL process and thermal evaporation. The Cr/Au metallization serves two 
functions: to improve the physical adhesion of graphene to the METS to ensure better 
thermal contact, and to provide a much better heat conduction path between Pt loops and 
the graphene, thereby enhancing the sensitivity of the thermal measurement. The lift-off 
after Ni evaporation was carried out using acetone instead of chloroform as prolonged 
exposure of chloroform appears to attack Ni. As the graphene was covered by Ni, this use 
of acetone has no impact on the graphene sample.  
 The measurement structure was then released by selectively etching away the 
supporting Si substrate in 45 wt% KOH at 80 ºC for 1.5 hours (Fig. 3.4 (h)),  and the Ni 
mask was then removed in 10% nitric acid for 2.5 min (Fig. 3.4 (i)). The whole device 
was again thermally annealed in H2/Ar ambience at 320 ºC for 2 hours prior to 
measurement. 
 
3.1.2 Dry Transfer Technique 
Previously graphene was transferred to METS before the supporting Si substrate 
was selectively etched away in XeF2 ambient for suspended graphene fabrication [6]. The 
major drawback is that XeF2 gas could easily fluorinate graphene. It has been shown that 
XeF2 gas fluorinates graphene and saturates at 25% and 100% coverage for single-sided 
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and double-sided exposure, respectively [7]; the strong reduction in thermal conductance 
arising from chemical functionalization has been discussed in section  2.4.9. 
 
Figure 3.6 Raman Spectra of XeF2 treated (red) and thermally annealed (black) (a) 
supported and (b) suspended graphene. Inset in (b): The suspended BLG giving the 
Raman spectra in (b). 
 
The fluorination of graphene is believed to be very stable [8-9]. Although 
graphene fluoride can be reduced in H2 (10%)/Ar (90%) at 500-600 °C for 5 hours [10-
12], or in hydrazine vapor at relatively low temperature of 100 °C for 24 hours [7], the 
high temperature in the former can kill the METS, while the reduced graphene fluoride in 
the latter still contains significant amount of defects and/or fluorination indicated by a 
strong D-peak in the Raman spectrum of a reduced graphene fluoride. Our similar results 
(Fig. 3.6) suggest that XeF2 should not be used in the fabrication process. 
The wet transfer technique described in Section 3.1.1 failed to produce suspended 
graphene samples as all graphene samples broke at the suspension edge(s). Lately we 
developed a new transfer technique without the use of a liquid medium, in which a 
different set of METS device (Fig. 3.7 (a)) is used. To facilitate transfer of extremely 
fragile graphene, the nominally suspended heater and sensor structures are linked 
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together by two 10 µm long nitride beams, and are also strapped sideways to the substrate 
by another two 71 µm long nitride beams - this arrangement is to minimize relative 
displacements of the heater and sensor during sample preparation and mounting that 
could otherwise tear the fragile graphene. The structure is released from the supporting Si 
substrate by wet etching prior to the transfer of graphene sample onto the device. 
 
Figure 3.7 Optical images of released METS (a) without and (b) with suspended 
graphene sample, scale bars: 5 µm. 
 
Due to the hydrophobic nature of PMMA, graphene flakes were mechanically 
exfoliated onto a pre-treated SiO2 (285nm) /Si substrate of hydrophilic surface. Pre-
treatment of the substrate with a low-power oxygen plasma (20 sccm flow rate, 0.5 mbar 
pressure, 20 W RF power, 80 V substrate bias, 5 min) was carried out to make the surface 
completely hydrophilic [13] in order to facilitate the transfer process. A 900 nm-thick 
layer of PMMA was spin-coated onto the sample and post-baked at 120 ºC for 12 min. 
This PMMA film, attached with the carbon flakes, was subsequently detached from the 
substrate using Scotch tape (Fig.3.8 (a, b)). The desired graphene flake was then aligned 
onto the METS (Fig. 3.8 (c)) and baked at ~ 100 °C to improve adhesion. The graphene 
was then patterned into a rectangle via EBL of the PMMA transfer-film and oxygen-
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plasma etching, before removing the remaining PMMA using chloroform followed by 
rinsing in IPA (Fig. 3.8 (d)). After sample transfer (Fig. 3.7 (b)), the 4 nitride straps were 
cut using a focused-ion beam (FIB) to disconnect the heater and sensor from each other, 
and from the sides of the substrate, taking great care to avoid direct and indirect exposure 
of the sample to the ion beam. The whole device was then thermally annealed in H2/Ar 
ambience at 320 ºC for 2 hours prior to thermal measurement. 
 
Figure 3.8 Schematic demonstration of dry transfer technique. (a) PMMA is detached 
from pre-treated substrate. (b) PMMA film is fully suspended with graphene flake 
underneath. (c) The graphene flake is aligned onto the released METS. (d) PMMA is 
removed in chloroform, leaving patterned suspended graphene in place. 
 
In order to minimize any possible damage to the suspended sample, normally 
graphene strips of 5-8 µm width were chosen for the fabrication of the samples, so that 
the two longitudinal edges were not patterned in order to preserve the natural edge to 
minimize edge roughness and damage induced by plasma treatment. 
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3.1.3 Sample Quality 
 
Figure 3.9 (a) SEM image of clean supported BLG prepared by wet transfer technique, 
scale bar: 200 nm. (b) TEM image of suspended graphene prepared by dry transfer 
technique, scale bar: 100 nm. Inset: Diffraction pattern of the sample, scale bar: 5 1/nm. 
(c) AFM image of graphene flakes on Si/SiO2 substrate that had undergone the same wet 
transfer process, scale bar: 2 µm. (d) Raman spectra of graphene flakes on Si/SiO2 
substrate that had undergone the same wet transfer process. Inset: Raman spectra in the 
range of 1200 to 1400 cm-1, no detectable D peaks. 
 
The quality of the samples prepared by the two transfer techniques was assessed 
by means of SEM, AFM, TEM, selected area electron diffraction (SAED) and Raman 
spectroscopy. Fig. 3.9 (a) shows an SEM image of supported BLG on METS, in which 
no residues or impurity particles could be observed, indicative of better surface cleanness. 
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The SEM image also shows that the plasma patterned edge of supported sample is 
imperfect with roughness ~ 10 nm; this would create some phonon scattering at the edges. 
However, the lateral width of the sample is typically > 4.8 µm, and the degrading effect 
of edge roughness becomes relatively insignificant for such large sample dimensions. 
Figs. 3.9 (b) and (c) show the TEM image of a suspended sample prepared by the 
dry transfer technique and the AFM image of a supported sample prepared by the wet 
transfer technique. The surface of the flakes is very clean and free of residues or 
impurities. These samples as-prepared allow us to study the thermal conductance 
properties with negligible influence of impurities and residues. The Raman spectra shown 
in Fig. 3.9 (d) for supported graphene samples prepared by wet transfer technique have 
distinctive G and 2D peaks similar to those of clean pristine graphene flakes of the same 
thickness [15, 16]; the inset shows that there are no detectable D peaks for all the samples 
measured, indicating negligible amount of defects. The two transfer techniques enable us 
to obtain both suspended and supported samples that are comparable to pristine graphene. 
The Raman spectra of the graphene samples also suggest that they are either un-doped or 
very lightly p-doped. As already reviewed in Section 2.4.1, the electron contribution in 
thermal conduction in un-doped or lightly doped graphene can be neglected at room 
temperature. As a result, the discussion for thermal conduction in graphene in all our 
works is based on phonons only. 
 
3.2 Measurement Methodologies 
3.2.1 Thermal Measurement by Thermal Bridge Configuration 
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We used the thermal measurement method employed by Wang et al. [6], which is 
similar to that previously described by Shi et al. [1]. The two Pt loops labeled as “Heater” 
and “Sensor” in Fig. 3.1 (d) serve as the heat source and the heat sink, respectively. Their 
temperatures were obtained by measuring the four-terminal electrical resistance of the Pt 
loops (Rh and Rs), which were acquired using lock-in amplifiers by passing a very small 
alternating current. The frequencies of the alternating current were chosen carefully. We 
first measured Rh with respect to the a.c. frequency at 300 K (red curve in Fig. 3.10 (a)). 
Rh was found to decrease slightly at higher frequency due to capacitive coupling as the Pt 
serpentine loop is densely packed.  
 
Figure 3.10 (a) Four-terminal electrical resistance of the heater (Rh) measured with 
respect to the frequency of alternating current before and after applying 10 µA d.c. 
heating current. (b) The difference in the electrical resistance (∆Rh) with respect to the 
frequency calculated from (a). 
 
The measurement was then repeated (blue curve) with a superimposed 10 µA d.c. 
heating current. Rh is seen to deviate from the original trend for frequencies below 200 
Hz. The difference between the two measurements (∆Rh) is plotted in Fig. 3.10 (b). The 
relatively large ∆Rh at lower frequency is attributed to a strong coupling effect between 
the a.c. and d.c. currents in the same loop, which diminishes at higher frequencies (> 500 
Hz). The small ∆Rh at higher frequency represents primarily the resistance increase at 
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higher temperature caused by the Joule heating by the direct current. However, at higher 
frequency, the reactance of the parasitic capacitance starts to affect the signal amplitude 
and phase as detected by the lock-in amplifier. Thus an intermediate frequency needs to 
be selected to ensure the accuracy of the measurement. A frequency of 2000 Hz was 
found to give the best results, and frequencies chosen for the heater and sensor loops 
were 2017 and 1917 Hz, respectively; slightly different frequencies were used to 
minimize interference between the two circuits. 
The METS with mounted sample was placed on a feedback-controlled heater 
stage in the vacuum chamber; the stage temperature, and hence the substrate temperature 
Tsub could be independently varied from 77 K (with liquid N) to 500 K (stage limit) with 
a resolution of 0.01 K, and the values of Rh and Rs were calibrated against Tsub at 20 K 
intervals as shown in Fig. 3.11 (symbols).  
 
Figure 3.11 Temperature dependence (symbol) of the four-terminal electrical resistance 




Typically for metals such as Pt, the electrical resistance RPt increases 
approximately linearly near room temperature, but the temperature dependence of the 
resistance over a larger temperature range is much more complicated. When the 
temperature is less than the Debye temperature of Pt (240 K), RPt varies as 𝑇5 due to 
electron-phonon interaction. At even lower temperatures where electron-electron 
scattering dominates, RPt varies as 𝑇2.  RPt could be written in the form of  
𝑅𝑃𝑡 = 𝛼𝑇 + 𝛽𝑇2 + 𝛾𝑇5 + 𝑅𝑖𝑚𝑝      3.1 
where α, β and γ are the coefficients of the temperature dependent components, and Rimp 
denotes a constant resistance contribution from impurity and grain-boundary scattering in 
the Pt assuming polycrystalline Pt film. The curves in Fig. 3.11 show the 5th polynomial 
fit we employed for Rh and Rs, and the exact temperatures of Th and Ts are extracted from 
the fitting curves. The values of Rh and Rs range from ~ 5 to 9 kΩ at 300 K for different 
batches of METS, and will increase if the devices are annealed beyond ~ 700 K. As a 
result, the temperature dependence of Rh and Rs, similar to that shown in Fig. 3.11, is 
obtained for each thermal conductance measurement for accurate temperature readout. 
During thermal measurement, a direct current Ih (typically up to 40 µA) is passed 
through the heater to raise Th above Tsub (and Ts) by Joule heating, thereby establishing a 
temperature gradient across the two ends of the sample. The equivalent thermal circuit of 
the test device under these conditions is shown in Fig. 3.12. As the heater and the sensor 
are fully suspended and thermally isolated from the bulk substrate, the heat generated in 
the two connecting beams can only flow in the beams towards the heater or the substrate, 
and thus the total power input to the system is: 
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𝑄 = 𝐼h2(𝑅h + 12 𝑅L)        3.2 
where RL is the total electrical resistance of the two connecting beams through which the 




2𝑅L accounts for half of the heating power generated in 
these two beams that flows towards the heater platform. As RL was measured to be 22.8% 
of Rh, the total power input could be written as: 
𝑄 = 1.114𝐼ℎ2𝑅ℎ        3.3 
The two heating powers, Q1 and Q2 (Fig. 3.12), can be determined from Fourier's law: 
𝑄1 = (𝑇h − 𝑇sub)𝐺bh = ∆𝑇h𝐺bh      3.4 
𝑄2 = (𝑇s − 𝑇sub)𝐺bs = ∆𝑇s𝐺bs      3.5 
where Gb is the total thermal conductance of the six SiNx beams, and the indices h and s 
denote the heater and sensor sides, respectively. The total thermal conductance of the 
beams for the heater and the sensor were measured to be almost the same, and it is 
reasonable to assume 𝐺bh = 𝐺bs = 𝐺b. As all the thermal measurements were done in 
vacuum (< 3 × 10-6 mbar), convection losses can be neglected, and radiation loss from the 
heating source is also negligible due to the intermediate temperatures at which the 
measurements were performed. The total thermal conductance from heater to sensor was 
measured to be ~ 2 ×10-10 W/m for a METS with isolated heater and sensor, which is 3 
orders of magnitude lower than that of graphene. Thus the energy loss to surrounding and 
to the sensor is neglected in our calculation. 
At steady state, the total energy flows into the system equals to the total energy 
flows away from the system into the substrate: 
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𝑄 = 𝑄1 + 𝑄2 = (∆𝑇h + ∆𝑇s) 𝐺b      3.6 
Combining Eqns. 3.3 and 3.6, we have: 
𝐺b = 1.114𝐼h2𝑅h∆𝑇h+∆𝑇s        3.7 
The conservation of energy flow also holds for the sensor at steady state: 
𝑄2 = (𝑇h − 𝑇s)𝐺′ = (∆𝑇h − ∆𝑇s)𝐺′      3.8 
where G’ is the total  thermal conductance connecting the heater and the sensor. The total 
thermal conductance G’ can then be calculated by combining Eqns. 3.5, 3.7 and 3.8: 
𝐺′ = 𝐺b ∆𝑇s∆𝑇h−∆𝑇s = 1.114𝐼h2𝑅h∆𝑇s∆𝑇h2−∆𝑇s2       3.9 
In this work, two designs of METS were used for thermal measurement on supported and 
suspended graphene, respectively. There is a 5 x 5 µm2 SiNx platform connecting the 
heater and the sensor for supported graphene (Fig. 3.1 (d)), while the heater and the 
sensor are isolated for suspended graphene (Fig. 3.7 (a), the two connecting beams were 
subsequently cut using FIB).  
 
Figure 3.12 Equivalent thermal circuit of supported graphene sample. The thermal 
resistance component Reff accounts for the effective thermal resistance of graphene and 




Shown in Fig. 3.12 is the equivalent thermal circuit for supported graphene, and 
Reff is basically the thermal resistance of graphene for a suspended sample. Thus we can 









      3.10 
where 𝐺eff = 𝐺s  for suspended graphene sample and 𝐺eff = 𝐺s + 𝐺SiN𝑥  for supported 
graphene samples according to effective medium theory [17], and Gs and GSiNx are the 
thermal conductance of graphene sample and SiNx substrate, respectively.  
Gc1 and Gc2 are total thermal conductance from the center of the heater or sensor 
to the edge of the platform. Due to the symmetry of the device, Gc1 = Gc2 = Gc. Their 
values for supported samples were experimentally measured using a focused electron 
beam heating method that will be discussed in Section 3.2.2. In the case of suspended 
graphene, the corresponding conductance was determined by finite element modeling, 
which will be discussed in Section 3.2.3. Such thermal resistance only includes the in-
plane thermal resistance, the cross-plane thermal resistance for the heat transfer from 
SiNx and Pt to graphene can be neglected in our study. 
 In the prediction of this cross-plane thermal resistance, a half-space structure 
model is assumed for each of the Pt/graphene and graphene/SiNx interfaces. The acoustic 
mismatch model (AMM) and the diffusive mismatch model (DMM) are two widely used 
models for calculating such thermal boundary resistance (TBR), which typically 
represent the upper and lower limits, respectively. In AMM, phonons propagate 
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elastically across the interface, and the scattering is represented by the reflection 
coefficient R: 
𝑅 = (𝑍2−𝑍1)2(𝑍2+𝑍1)2       3.11 
where Z1 and Z2 are the acoustic impedances of the two materials across the interface, 
which can be calculated from: 
𝑍 = 𝜌𝑉 = 𝜌�𝐸
𝜌
= �𝜌𝐸    3.12 
where ρ is the density, V is the acoustic velocity and E is the Young's modulus of the 
material. For graphene, the reported E [18] has a value of 1.0 TPa and ρ is assumed to be 
2.23 g/cm3, same as that of high quality graphite from which our samples were exfoliated. 
The bulk values of ρ and E for Pt and SiNx are 21.45 g/cm3 and 168 GPa, and 3.44 g/cm3 
and 380 GPa, respectively, which were used in the calculation. The calculated reflection 
coefficient is 1.43% for the Pt/graphene interface and 1.76% for the graphene/SiNx 
interface based on Eqn. 3.11 and 3.12. As this is the upper limit for the cross-plane TBR, 
more than 98 % of the thermal energy is transmitted freely between the planes, and so the 
cross-plane TBR can be considered negligible. This is also consistent with the low cross-
plane thermal contact resistance measured experimentally, as reviewed in Section 2.4.10. 
 In our system, the lock-in amplifiers provide ± 0.05 Ω resolution on Rh and Rs, 
which corresponds to ± 0.005 K temperature resolution in ∆Th and ∆Ts. From Eqn. 3.9, 
this translates into an accuracy of ~10-10 W/K in the calculation of G’, which is good 





3.2.2 Spatially-Resolved Thermal Resistance by Focused Electron-Beam Method 
As discussed above, the thermal conductance G’ calculated from the measurement 
data is the total thermal conductance that includes both thermal conductances from the 
edges to the center of the heater and sensor platforms. These two thermal conductances 
cannot be isolated and measured using the traditional thermal bridge configuration. We 
have developed a technique using a focused electron beam as the heating source, which 
can be located and moved along the device to obtain the local differential thermal 
resistance, so as to isolate the contribution from these two thermal resistances (and hence 
thermal conductances). 
 
Figure 3.13 (a) Schematic illustration, and (b) the equivalent thermal circuit for the 
focused electron-beam method. 
 
Fig. 3.13 (a) shows a schematic for the focused electron-beam method; the METS 
is mounted in an SEM chamber where the focused electron beam (represented by the red 
cone) can be located onto any position of the device for heating purposes. A 1D nanowire 
is illustrated here, as the graphene sample and the device can be treated as pseudo-1D in 
the thermal measurement using this configuration. For a given position along x direction, 
Footnote1: The focused electron beam technique was developed by Dr. Xie Rongguo and 
further developed and optimized by Ms. Liu Dan. 
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the electron beam repetitively scanned in the y direction while the measured temperature 
is averaged. The heat energy created by the line-scan electron beam in the device travels 
in + x and - x directions towards the sensor and the heater. The equivalent thermal circuit 
of such a configuration is shown in Fig. 3.13 (b), where Rtot is the total thermal resistance 
from the center of the heater to that of the sensor, and Ri is the thermal resistance from 
the electron beam position i to the center of the heater along the x direction, Rb is the 
thermal resistance of the 6 SiNx beams, Te is the absolute temperature at electron position, 
and ∆Thi and ∆Tsi are the temperature rises in the heater and the sensor, respectively. 
The temperature measurement technique is the same as the one employed in the 
thermal bridge configuration. The heat flux Q1 (Fig. 3.13 (b)) is then given as  
𝑄1 = ∆𝑇hi𝑅bh       3.13 





     3.14 
where ∆𝑇e = 𝑇e − 𝑇sub  is the temperature rise at the electron position caused by the 





     3.15 
Based on the fact that Rbh = Rbs = Rb which can be verified by the thermal measurement, 
we have 
∆𝑇e = 𝑅i∆𝑇hi𝑅b + ∆𝑇hi = (𝑅i+𝑅b)∆𝑇hi𝑅b    3.16 
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∆𝑇e = (𝑅tot−𝑅i)∆𝑇hi𝑅b + ∆𝑇si = (𝑅tot−𝑅i+𝑅b)∆𝑇si𝑅b   3.17 
Equating Eqn. 3.16 and 3.17, we have temperature rise ratio αi as 
𝛼i = ∆𝑇hi∆𝑇si = 𝑅tot−𝑅i+𝑅b𝑅i+𝑅b     3.18 
All devices were calibrated first with the electron beam focused at the center of the heater 
where Ri is zero, and the initial temperature rise ratio 𝛼o is given by 
𝛼o = 𝑅tot+𝑅b𝑅b = 1 + 𝑅tot𝑅b      3.19 
Eqn. 3.18 and 3.19 together give us 
𝑅i = 𝛼o−𝛼i𝛼i+1 𝑅b     3.20 
Note that αo is constant for a fixed configuration and electron beam condition, 
while Rb has previously been obtained by the thermal bridge measurement. The thermal 
resistance contribution of any part can be determined by obtaining the thermal resistance 
Ri from Eqn. 3.20 when the electron beam is placed at the two ends of the region; the 
value of αi is calculated from the first equality in Eqn. 3.18 by measuring the temperature 
rise in the heater and sensor. 
The total thermal resistance Rtot is the reciprocal of the total thermal conductance 
G’ shown in Eqn. 3.8; and from the first equality we can derive Rtot as  
𝑅tot = 𝑅b(∆𝑇h∆𝑇s − 1)     3.21 
and the uncertainty in the focused electron beam method for the extraction of Ri is 
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𝛿𝑅i ≤ 𝛿𝑅tot = 𝑅b�(𝛿𝑇h∆𝑇h)2 + (𝛿𝑇s∆𝑇s)2   3.22 
As a result, δRi is limited by ∆Th and ∆Ts, which depends on the heat generated in the 
sample from the electron beam. Here δTh and δTs are 0.005 K, and δRtot/Rb is plotted as a 
function of the temperature rises in the heater and the sensor (Fig. 3.14). Typically Rtot 
encountered in the experiments is in the order of 106 K/W at room temperature. For a 
reasonable level of uncertainty less than 5%, both ∆Th and ∆Ts need to be higher than 2 K, 
a condition which is kept in view during measurements. 
 
Figure 3.14 Normalized uncertainty in thermal resistance measured by the electron-beam 
method as a function of temperature rises in the heater (∆Th) and the sensor (∆Ts). The 
colors in sequence from red to deep blue indicate levels less than 0.05, 0.04, 0.03, 0.02, 
0.01, 0.005, and 0.002. 
 
3.2.3 Finite Element Simulation 
The focused electron beam method cannot be directly applied to a suspended 
graphene sample as the absorption of electron power is very low and moreover 
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contamination will be deposited on the surface. In light of this, we use the finite element 
simulation to simulate the system for suspended graphene samples. 
Figure 3.15 (a) Structure set-up in finite element simulation, with equivalent thermal 
circuit. R, Rc1(2) and Rb are the thermal resistance contribution of the suspended graphene,  
of the heater (sensor) and the 6 connecting beams. (b) The calculated thermal resistance 
Rm of suspended graphene using the average temperature rise of the heater and the sensor 
from the simulation with respect to the set value Rs calculated from the set thermal 
conductivity of graphene in simulation. The red line is the best fit curve with the y-axis 
intercept Ro is equal to the sum of the two thermal resistances Rc1 and Rc2 shown in (a). 
 
The simulation was performed using commercial software COMSOL 
Multiphysics 4.2, and the simulation model is shown in Fig 3.15 (a). The dimensions of 
SiNx and Pt follow those of the METS we use; the length of the 6 connecting beams is 
scaled to 1/50 of the original value to reduce the meshing time required. The sample of 
10 x 5 µm2 (L x W) is located along the axis of symmetry (black line in Fig. 3.15 (a)); the 
thickness of the sample is scaled to 103 times of the actual thickness to avoid hours of 
meshing time. The specific thermal conductivity of Pt and SiNx for the six beams and of 
graphene for the sample is scaled accordingly to keep the total thermal conductance 
unchanged. 




κ = 𝐿o𝑇𝜎      3.23 
where Lo is the Lorentz number, T is the absolute temperature and 𝜎 is the electrical 
conductivity. Though the Lorentz number of bulk Pt at 300 K is 2.44 x 10-8 W/K-2, it 
could be higher than the bulk value when the thickness is very small [19]. However the 
Lorentz number of 60 nm Pt should be similar to that of the bulk according to the 
descending trend of Lo for increasing thickness of Pt. The electrical conductivity of Pt in 
METS is assumed to be constant, and can be calculated from the 4-terminal electrical 
resistance Rh,s (~ 7 kΩ) based on  
𝜎 = 𝐿
𝑅h,s𝑊𝑡      3.24 
where L, W and t are the length (307.5µm), width (300 nm) and thickness (60 nm) of the 
Pt loop, respectively, for Rh,s = 6 kΩ). The calculated  𝜎 is 2.44 x 106 Ω-m, which gives a 
thermal conductivity of 17.86W/K-m for Pt. 
We set κ of Pt at 300 K to be 17.85 W/K-m (1/4 of the bulk value of 71.4 W/K-m) 
in our simulation; and select 7.5 W/K-m (1/4 of the bulk value for SiNx of 30 W/K-m) for 
SiNx. In the simulation, the total thermal conductance of the six beams (Gbm) based on the 
average temperature rises in the heater (ΔTh) and sensor (ΔTs) is given as  
𝐺bm = 𝑄Δ𝑇h+Δ𝑇s      3.25 
and the dependence of Gbm on the sample thermal conductance that has been set (Gs) is 
plotted in Fig. 3.16 (a).  Gbm is 96.6 nW/K when Gs is larger than 300 nW/K, which is in 
very good agreement with experimental result of Gb measured at 300 K (Fig. 3.16 (b)); 




Figure 3.16 (a) The distribution of Gbm as a function of Gs. (b) Temperature dependence 
of beam thermal conductance Gb measured by thermal bridge method. 
 
For the simulation of thermal conduction, a direct current of 10 µA (Ih) is passed 
through the heater. The temperature distribution of the whole structure was then 
calculated for different values of sample thermal conductance ranging from 0.01 to 3000 
nW/K. The average temperature rise ΔTh,s was calculated by averaging the temperature in 
the region bounded by the red rectangles, from which the value of Gm based on this 
average temperature rise can be obtained as  
𝐺m = 𝑉𝐼h∆𝑇s∆𝑇h2−∆𝑇s2     3.26 
where V is the voltage difference between the midpoints of the two beams connected to 
the Pt coils in which Ih flows to account for the heating contribution of the two 
connecting beams. The thermal resistance of the graphene sample, Rm (=1/Gm) based on 
κm is plotted against that based on the set value κs in Fig. 3.16 (b). Rm shows a linear 
dependence on Rs, with a y-axis intercept of 5.77 x 105 K/W extrapolated from the best fit 
line. This value denotes the total thermal resistance present (from heater to sensor) in the 
case of zero sample thermal resistance (ballistic thermal transport), which is equivalent to 
the sum of the heater (Rc1) and sensor (Rc2) thermal resistances shown in Fig. 3.15 (a). 
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We take G’ measured as equivalent to Gm (=1/Rm) in the simulation and calculate Gs 
(=1/Rs) based on the relation shown in Fig. 3.15 (b). 
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Chapter 4 Layer Dependence of Thermal Conductivity in Supported Graphene 
 Many theoretical works have been done to investigate the cross-over of thermal 
conductance from 2-dimensional (2D) to 3-dimensional (3D) heat conduction in free 
standing graphene as the number of graphene layers increases. Such thermal conductance 
cross-over was first observed experimentally [1] in suspended few-layer graphene using 
the micro-Raman technique. However, in many practical situations, graphene is 
supported by a substrate. Although there are theoretical works that study the effect of the 
substrate [2-5] on the thermal conductance of graphene, and there are a few experimental 
measurements made on graphene supported on SiO2 substrate [6, 7] or on SiNx substrate 
[8], no systematic experimental study has been done to investigate such substrate effect 
for different thickness of graphene.  
In this work, we report a systematic study of the thermal conductance of graphene 
supported on SiNx substrate as the number of layers is varied from a single layer to 18 ± 1 
layers based on the thermal measurement technique described in Section 3.2.1; the 
thermal conductivity of supported graphene of interest at 300 K is extracted with the help 
of the focused electron beam measurement discussed in Section 3.2.2 for comparison and 
discussion. The graphene-substrate interaction and the interlayer coupling that affect the 
room temperature thermal conductivity of supported graphene will be discussed. 
  
4.1 System Calibration 
 Although the sample was thermally annealed in forming gas prior to thermal 
measurement, the sample was exposed to air before loading into the vacuum chamber for 
the measurement. Thus before actual thermal measurement of the sample, the device was 
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annealed in situ at 600 K for 6 hours to remove residues and desorb physisorbed gas 
molecules on the sample. The 600 K annealing temperature was achieved by raising the 
stage temperature to 500 K and passing direct current through both the heater and the 
sensor to further raise the local temperature of the sample by another 100 K. The stage 
temperature was reduced to 300 K after annealing, and one set of thermal measurement 
was performed when the temperatures Th and Ts have stabilized at 300 K. 
 
Figure 4.1 (a) The temperature rises in heater (blue up triangle) and in sensor (red down 
triangle) are plotted against the direct heating current Ih passing through the heater when 
Tsub = 300 K. (b) Plot of ∆Ts as a function of ∆Th in (a). 
 
 Fig. 4.1 (a) shows the typical temperature rises of the heater ∆Th and the sensor 
∆Ts as the d.c. current through the heater is swept between 0 and 40 µA.  The forward and 
backward sweep coincide which indicates that the measurements are reproducible. Both 
temperature rises show a smooth quadratic increase as ∆𝑇h,s ∝ 𝑄 ∝ 𝐼h2 based on Eqn. 3.3, 
3.4 and 3.5. The ∆Ts vs. ∆Th  plot in Fig. 4.1 (b) shows a linear relationship only for small 









                     4.1 
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The thermal conductances of the 6 connecting beams Gb and of the whole structure from 
the heater to the sensor G’ are almost constant for small temperature rise above 300 K. 
However, G’ for the device with a graphene sample always decreases when the 
temperature is beyond 300 K due to a significant reduction in thermal conductivity in 
graphene from increased Umklapp scattering, whereas the thermal conductance Gb 
remains almost constant. This causes the deviation of ∆Ts/∆Th from the linear relationship.  
For trustworthiness of the measurement, the perfect quadratic increase in 
temperature with heating current as shown in Fig. 4.1 (a) must be observed for the heater 
and the sensor irrespective of whether Ih flows in the heater or in the sensor. Such 
symmetry would indicate that the heater and the sensor have the same electro-thermal 
characteristics, otherwise the equality Gbh = Gbs would not hold. As such, only those 
samples that meet this criterion are used. 
 
4.2 Effect and Characterization of Substrate  
 The effect of substrate on the thermal conductance in graphene has been discussed 
in Section 2.4.6. The major effect of the presence of a continuous solid substrate is the 
breakdown of the selection rule for both N and U three-phonon scattering of ZA phonons. 
Originally this selection forbids 60% of both scattering phase space of ZA phonons; once 
this selection rule is broken, the increased phonon scattering of ZA phonons will greatly 
reduce κ of graphene as ZA phonons dominate in the thermal conduction in graphene. It 
has been calculated that the violation of the selection rule can cause a drop in κ of SLG of 
up to 70%. In addition, the surface of practical substrates is not atomically sharp, and this 
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gives rise to additional scattering events at the interface, further reducing the phonon 
MFP and hence κ.  
For systematic study of effect of substrate on the thermal conduction in graphene 
with respect to the thickness of graphene, there is one recently reported theoretical 
prediction of supported graphene on SiO2 substrate [9] as shown in Fig. 4.2 (a). In their 
MD simulations, room temperature κ of supported FLG was found to increase rapidly 
with the layer thickness, reaching about 90% of that of bulk graphite at 6 layers, and 
eventually saturated at a thickness of 13.4 nm (reaching bulk graphite limit). The 
explanation given is also based on stronger graphene-substrate interaction than interlayer 
coupling in FLG. 
 
Figure 4.2 Figures taken from literature. (a) Room temperature κ of supported FLG vs. 
number of layers n. Here zigzag graphene with fixed width W =2 Å and length L = 300 Å 
is used in the calculations. The solid circle draws the raw data from MD simulation, and 
the solid line draws the double exponential fit. The dashed line draws the estimated bulk 
graphite limit for reference. Inset: the normalized κ vs. n. (b) (upper panel) Normalized 
SED for suspended SLG (dashed line) and supported graphene with different layers (solid 
lines), and (lower panel) SED intensity of the low frequency ZA peaks for suspended 
SLG (circle) and supported graphene with different layers (square).  Inset: zoom-in low 
frequency ZA peaks near the zone-center. [9] 
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To further understand the underlying physics of this increasing trend of κ for 
supported FLG, Chen et al. [9] analyzed the spectral energy density (SED) for the 
dominant ZA phonons in graphene. The SED is a very useful tool to extract phonon 
information (dispersion relation and lifetime) from MD simulation which can incorporate 
the full anharmonicity of the atomic interactions, which has been used frequently [10-12]. 
Shown in the upper panel of Fig. 4.2 (b) are the normalized SED of supported graphene 
on SiO2 up to 4 layers, and that of suspended SLG for comparison. It is clearly seen that 
with the increase of layers in supported graphene, the ZA peak shifts back to low 
frequency, and the width of the ZA peak is reduced compared to that of supported SLG. 
Meanwhile, the intensity of the additional phonon modes arising from the graphene-
substrate interaction is suppressed. All these findings suggest the impact of substrate 
coupling reduces with increasing number of layers in supported graphene. This 
conclusion is further supported by the lower panel of the figure, which shows that the 
greatly reduced SED intensity in supported SLG increases with the number of layers. As 
the effects of broadening and lift-up of the phonon spectrum induced by substrate 
coupling are weakened with the increase of graphene thickness, κ increases 
correspondingly. The saturation of κ approaching the bulk graphite limit when n→∞ is 
easily understandable as the effect due to the presence of substrate diminishes with 
additional layers of graphene away from the substrate and become negligible when n→∞. 
The substrate used in our device was SiNx, which was characterized using AFM 
measurement. Shown in Fig. 4.3 (a) is the 3D AFM image of SiNx platform of the METS, 
with root mean square (RMS) value roughness of ~ 0.5 nm. Theoretically it has been 
shown that SLG can conform smoothly to a substrate when the corrugation has a ratio of 
98 
 
the separation of the two adjacent peaks to peak height greater than 10 [13, 14]. Although 
the ratio has to be increased for conformity of graphene with the substrate when the 
number of layers increases [14, 15], the conformity of a 60L graphene on substrate was 
still observed experimentally for a ratio of separation to peak height of 7.5 [15]. Shown in 
Fig. 4.3 (b) is the 2D Fast Fourier Transform Power Spectral Density (2D FFTPSD) of 
the same area shown in Fig. 4.3 (a). The ratio of separation to peak height is in the range 
of 50 to 100. As a result of such large aspect ratio, we can make a reasonable assumption 
that graphene samples can conform perfectly to the substrate topography with minimal 
regions of suspension. C atoms in the basal plane of graphene are in contact with 
substrate by weak van der Waals interaction. 
 
Figure 4.3 (a) 3D AFM image of SiNx platform of the METS (2.5 x 2.5 µm2), scale bar: 
500 nm. (b) 2D FFTPSD calculated from the area shown in (a), scale bar: 5 1/µm. 
 
4.3 Thermal Conductance Measurement  
The complete measurement process cycle over the temperature range from 77 K 
to 400 K of a supported 4L graphene sample is illustrated in Fig. 4.4. The temperature of 
the METS (Tsub) was first brought down to 77 K by cooling the stage with liquid nitrogen. 
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After 45 min of temperature stabilization at 77 K, the temperature of heater (Th) and 
sensor (Ts) would reach temperature equilibrium with the stage. A dual sweep of Ih from 
0 to 40 µA and then back to 0 µA, similar to the one shown in Fig. 4.1 (a), was applied to 
the heater to vary ∆Th from 0 to 59 K (with ∆Th - ∆Ts < 6 K). The total thermal 
conductance G’ of the supported graphene was obtained by the method describe in 
section 3.2.1, and it was continuously monitored as Ih varied. Since (∆Th - ∆Ts) was kept 
small, κ of graphene may be considered to vary linearly across the sample along the 
heater-sensor direction, and hence the sample temperature can be represented by the 
average 𝑇 = 𝑇h+𝑇s
2
; G’ is then plotted against this average temperature. The cycle of 
temperature stabilization and thermal conductance measurement was repeated for every 
20 K rise in stage temperature until the stage (substrate) temperature reaches 400 K.  
 
Figure 4.4 Temperature profile of the substrate (Tsub), the heater (Th) and the sensor (Ts) 
with respect to time for the entire cycle of thermal conductance measurement. 
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The measured thermal conductance segments for different base stage temperature 
Tsub join smoothly and the total thermal conductance G’ as calculated in Eqn. 3.9 is 
plotted as a function of average T in Fig. 4.4 (red symbols).  Recalling Eqn. 3.9: 
𝐺′ = 𝐺b ∆𝑇s∆𝑇h−∆𝑇s = 1.114𝐼h2𝑅h∆𝑇s∆𝑇h2−∆𝑇s2      3.9 
The temperature rises in the heater (∆Th) and the sensor (∆Ts) are very small, in the order 
of ∆T = 0.001 to 0.01 K, for small Ih in the heater. These values are comparable to the 
measurement resolution of the system, and results in large error in the obtained ∆Th and 
∆Ts. As such, the calculated G’ (red symbol) shows large deviation from the G-T 
relationship (blue symbol) obtained at T ~ Tsub for each thermal measurement segment.  
 
Figure 4.5 Plot of thermal conductance of the system as a function of average 
temperature T for both the case with graphene (red star) and without graphene (green 
square). The blue circles show the G-T relationship obtained. 
 
The graphene sample on SiNx was then removed using oxygen plasma and the 
total thermal conductance was measured again (green symbol). It should be noted that G’ 





′ = 1𝐺eff + 1𝐺c1 + 1𝐺c2       4.2 
1
𝐺2
′ = 1𝐺SiN𝑥 + 1𝐺c1 + 1𝐺c2       4.3 
according to the equivalent thermal circuit of supported graphene in the thermal bridge 
configuration as shown in Fig. 3.13, and they were calculated to be 470 and 280 nW/K at 
300 K, respectively. It is assumed that the thermal conductance for the SiNx 
bridge(𝐺SiN𝑥), the heater (𝐺c1) and the sensor (𝐺c2)  are not affected by the oxygen 
plasma treatment, and 𝐺SiN𝑥is constant for both the cases with and without graphene on 
top; these were measured directly using the focused electron beam method described in 
Section 3.2.2 at 300 K. 
 
Figure 4.6 Cumulative thermal resistance Ri with respect to the position of the focused 
electron beam superimposed onto the SEM image of the METS over the area the electron 
beam is scanned. 
 
Fig. 4.6 shows the cumulative thermal resistance Ri based on Eqn. 3.20 measured 
across the METS after the sample has been removed using oxygen plasma; the thermal 
resistance is superimposed onto the SEM image of the METS over the area where the 
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electron beam was scanned across. The total thermal resistance when the electron beam 
was focused onto the center of the sensor was measured to be 3.58 MK/W, which is 
equivalent to a total thermal conductance of 279 nW/K, and is the same as 𝐺2′  measured 
previously at 300 K (Fig. 4.3). This shows close agreement between the two thermal 
measurement techniques, and demonstrates the validity of employing the spatially-
resolved thermal resistance (and hence thermal conductance) measured by the electron 
beam method in the total thermal conductance measured by thermal measurement using 
Joule heating. 
 The thermal resistances RSiNx, Rc1 and Rc2 were measured to be 2.02, 0.78 and 
0.78 MK/W, respectively. It should be noted that RSiNx represents the thermal resistance 
from the right edge of the Au pad on the heater to the left edge of the Au pad on the 
sensor, over which the sample was supported and subsequently removed. Rc1 and Rc2 then 
represent the thermal resistance from the edge of the Au pad to the center of the heater 
and the sensor, respectively. The thermal conductance of the graphene sample can be 
calculated to be 1267 nW/K based on Eqn. 4.2. In this study, the interlayer spacing of 
graphite of 0.335 nm is used as the nominal thickness of each graphene layer. For this 4-
layer graphene sample, the dimension of the sample was measured to be 7.12 x 4.89 µm2 
(L x W), and so its κ is 1377 W/K-m at 300 K based on  
κ = 𝐺𝐿
𝑊𝑡
        4.4 
 The values of κ at 300 K for supported graphene of all thickness in this chapter 
were measured and extracted as such, with an error bar for κ of 7 to 8%. The κ of all 
samples increases initially with T, and reaches a maximum in the range of 240 to 310 K. 
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The thicker the graphene, the lower the temperature is for the peak. The explanation for 
temperature dependence will be presented in Section 4.4. 
 
4.4 Layer Dependence of κ at 300 K and Discussions 
Shown in Fig. 4.7 is the layer dependence of κ for supported graphene on SiNx 
substrate at 300 K. The temperature dependence of κ around 300 K is shown in the inset, 
based on the assumption of constant thermal conductance of the METS device over the 
280 - 320 K temperature range, which is evident from the constant thermal conductance 
measured for METS device with graphene removed (Fig. 4.4, green square). 
 
Figure 4.7 Measured room temperature (RT) thermal conductivity of supported graphene 
flakes as a function of number of atomic layers (red star) with the best fit curve (red line). 
Inset: Temperature dependence of thermal conductivity around 300 K. 
 
The room temperature κ of supported SLG on SiNx was measured to be 430 ± 30 
to 450 ± 31 W/K-m, which is lower than the reported value ~ 580 W/K-m for SLG 
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supported on SiO2 [6]. This could be due to two reasons: (i) the length dependence of κ 
and/or (ii) the substrate effect. The reported samples have L in the range of 9.5 to 12.5 
µm whereas L is only 6.5 to 7.5 µm for our samples. As already reviewed in Section 2.4.4, 
κ of suspended SLG has strong length dependence even when L is in the order of 10 µm. 
Lindsay et al. [16] attributed this strong length dependence to the large intrinsic 
scattering time of ZA phonons which allows them to travel ballistically across SLG as a 
result of the selection rule. However, this argument should no longer hold for supported 
SLG as the presence of the substrate breaks the reflection symmetry of graphene which 
leads to the violation of selection. This could be seen from a much weaker length 
dependence calculated for suspended 4L graphene (5% reduction in κ as L is reduced 
from 10 to 7 µm) [16]. As the substrate has much stronger effect on graphene than 
interlayer coupling, the length dependence of κ for supported graphene in few µm regime 
should be negligible. 
 The other possible reason for the smaller κ we obtained is the difference in the 
substrates. In Ref. 6, the SLG was directly exfoliated onto thermally grown amorphous 
SiO2 substrate, which is extremely smooth with very smaller RMS roughness (e.g. 1.5-
1.6 Å [17]). On the other hand, our substrate is amorphous SiNx with RMS roughness ~ 5 
Å, which cause our samples to be more corrugated. κ is reduced as both the intrinsic 
phonon scatterings and the phonon scattering at the substrate interface are enhanced. 
With the increase of graphene layers, κ of supported few layer graphene increases 
monotonically with the number of layers, and converges towards a finite value when the 
number of layers approach infinity. This increasing trend of κ can be fitted well with a 
single exponential fit, taking 1800 W/K-m as the bulk graphite limit, which is very close 
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to the upper limit of PG (2000 W/K-m) reported. This observed increasing trend of κ of 
supported graphene is opposed to the reported monotonically decreasing thermal 
conductivity of suspended few layer graphene with respect to thickness [1, 18].  
In principle, both interlayer coupling and graphene-substrate interaction can be 
described by van der Waals form potentials.  As reviewed, both of them can lead to the 
reduction of thermal conductivity in graphene due to suppression of the ZA phonons. 
However, the magnitudes of impact from these two types of interactions are different. 
The interactions between C-Si and C-N are much stronger than C-C interaction [19, 20], 
suggesting stronger interaction strength between graphene and the SiNx substrate 
compared to the graphene interlayer interaction. As a result, the graphene-substrate 
interaction has greater impact on the reduction of thermal conductivity than the inter-
layer coupling. In the supported FLG, because the upper layers have less interaction 
(close to zero) with the substrate, the impact of a substrate on thermal conductance in 
FLG becomes weaker as the number of layers increases, resulting in an overall 
decreasing suppression effect on ZA phonons, and hence increasing κ. 
The experimentally observed layer dependence of κ agrees very well with the 
theoretical prediction of supported graphene on SiO2 substrate presented in Section 4.2. 
Although the substrates used in our experiments and in their simulations are different, 
both of them are amorphous insulators, with same strong Si-C interaction, and similar O-
C and N-C van der Waals force. Thus the general increasing trend of κ and the 
mechanisms for such a trend are the same, differing only in term of the maximum κ 
reduction in SLG. The C-N interaction is slightly larger than C-O, the Lennard-Jones 
parameters of C-N are slightly larger than those used in Ref. 9. Moreover, in reality the 
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substrate surface is not atomically smooth but rough (Fig 4.3 (a)), in which causes 
additional scattering for ZA phonons. This also might be responsible for our finding of 
much stronger reduction of κ in supported SLG of 75% (only 37 % in the theoretical 
study). The difference between the graphene-substrate coupling strength arbitrarily 
chosen in the simulations and that in the practical interface is another reason for the 
discrepancy between the experimental and theoretical reductions in κ of supported SLG. 
 The effect of our SiNx substrate on the phonon spectra of supported FLG should 
be also similar to that shown in Fig. 4.2 (b, c), where the ZA peak shifts back to low 
frequency, and the width of the ZA peak is reduced compared to that of supported SLG, 
and the intensity of the additional phonon modes arising from the graphene-substrate 
interaction is suppressed. All these findings suggest the impact of substrate coupling 
reduces with increasing number of layers in supported graphene. As the effects of 
broadening and lift-up of the phonon spectrum induced by substrate coupling are 
weakened with the increase of graphene thickness, κ increases correspondingly. The 
saturation of κ approaching the bulk graphite limit when n→∞ is easily understandable as 
the effect due to the presence of substrate diminishes with additional layers of graphene 
away from the substrate and become negligible when n→∞. 
The diminishing of substrate effect with increasing number of layers is also 
responsible for the decreasing T at which the maximum of κ occurs. The substrate effect 
and Umklapp phonon-phonon interaction dominate before and after the peak temperature, 
respectively. As the substrate effect decreases with thickness, the temperature at which 
the phonon-phonon interaction starts to dominate decreases, which corroborates with the 




 In this chapter, we carried out a systematic study of the thermal conductance of 
graphene supported on SiNx substrate as the number of layers is varied from a single 
layer to 18 ± 1 layers in thermal bridge configuration, and their respective κ at 300 K are 
presented for analysis. There is a reduction of ~ 1 order of magnitude in κ for supported 
SLG compared to free-standing SLG due to the strong graphene-substrate interaction that 
breaks the selection rule in phonon-phonon scattering. With increasing number of layers, 
this substrate induced effect becomes progressively weaker with the addition of multiple 
layers, leading to an increase in κ with respect to thickness, which approaches the bulk 
graphite limit when n→∞ as the substrate effect becomes negligible. 
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Chapter 5 Mass Loading Study by Au Deposition on Suspended TLG 
In this chapter, the thermal conductance of suspended tri-layer graphene (TLG) 
sample is studied and analyzed with respect to the mass loading of gold (Au) nano-
particles deposited by thermal evaporation. The suspended TLG samples are prepared by 
the dry transfer technique described in Section 3.1.2, having already established the 
sample quality and surface cleanness as discussed in Section 3.1.3. The detailed thermal 
measurement methodology, the temperature dependent measurement and the correction 
for extraction of the thermal conductance of suspended graphene using finite element 
simulation have also been described in detail in Section 3.2.1, Section 4.2 and Section 
3.2.3, respectively. 
In Chapter 4, the thermal conductance of graphene supported on substrate is 
studied, and as previously discussed, the substrate can be assumed to be in full and 
continuous contact with the bottom layer of graphene.  It was shown that the reduction of 
κ for SLG is very significant, κ being one order of magnitude lower than that predicted 
theoretically and measured by micro-Raman for suspended SLG. In the study, the 
substrate is fixed while one of the parameters of graphene, t, is varied.  
In this chapter, the investigation is carried from a different perspective where the 
graphene sample is fixed while the coverage of adsorbates is varied; the graphene-
substrate coupling is basically the same type as the graphene-adsorbates coupling. This is 
done by measuring the thermal conductance of the suspended TLG at 300 K, and 
observing the change in thermal conductivity as Au is deposited with increasing coverage 
on the basal plane. The detailed mass loading methodology and calibration will be 
discussed in Section 5.1, and the effect of the possible strain induced in the TLG by Au 
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deposition is discussed in Section 5.2. The thermal measurement results will be presented 
in Section 5.3, which will be discussed with the help of the theoretical simulations (done 
by Dr. Zhu Liyan) using molecular dynamic (MD)  simulation.  
 
5.1 Mass Loading Methodology and Calibration 
The suspended TLG samples in this study, similar to the one shown in Fig. 3.7 (b), 
were prepared together with suspended TEM and supported AFM reference samples (4 - 
6 samples for each type) that have undergone the same dry transfer method. Prior to the 
thermal measurement, the 4 nitride straps of the sample-mounted METS were cut using a 
FIB to disconnect the heater and sensor from each other, and from the sides of the 
substrate, taking great care to avoid direct and indirect exposure of the sample to the ion 
beam. The whole device was then thermally annealed in H2/Ar ambient at 320 ºC for 2 
hours prior to thermal measurement. An initial thermal measurement was first carried out 
on the pristine sample to obtain the original thermal conductivity (κo) at 300 K. Thermal 
evaporation of Au was then carried out on the backside of this METS-mounted sample 
(to avoid shorting of the Pt loops on the topside) along with all the prepared TLG 
reference samples.  Following a cycle of evaporation, one of each type of reference 
samples was taken out to analyze the Au particle size, height, and coverage, while the 
METS sample was measured again to obtain the new κ. 
The Au area coverage in experiment is defined as the ratio of the area of 
suspended graphene covered with Au to that of graphene without Au, which was 
determined from TEM images (Fig. 5.1 (a)) as follows. The TEM image was processed 
and divided into 1024 x 1024 pixels, each with a grey scale value ranging from 0 to 255. 
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Fig. 5.1 (b) shows the grey-scale distribution which has two peaks, representing the 
regions of TLG with and without Au. Assuming Gaussian distribution of image 
intensities, a two-Gaussian fit was then performed. The red curve in Fig. 5.1 (b) shows 
the sum of the two fitting Gaussian curves, which is in very good agreement with the 
original data. The ratio of the area under the curve indicates the coverage of Au with an 
error < 1%. Three images of different locations for a single magnification were processed, 
and 6 sets in total were processed (covering areas ranging from 76 x 76 nm2 to 1776 x 
1776 nm2). The largest discrepancy between the area coverage between two TEM images 
is < 2%.  The average coverage thus determined was taken for one data point. 
 
Figure 5.1 (a) TEM image of suspended TLG with partial coverage of Au deposited by 
thermal evaporation. (b) Numerical calculation of area coverage of Au particles on 
suspended TLG. 
 
The Au coverage of the final sample was obtained by using a specialized TEM 
holder with through-hole substrate (Fig. 5.2 (a)) which enabled us to examine our device 
in the TEM. It should be noted that two distinct narrow strips of ~ 10 nm free of Au are 
present near the edges of suspension (Fig. 5.2 (b)), caused by the shadowing effect during 




Figure 5.2 (a) Schematic illustration of our specialized TEM holder with through-
substrate hole. (b) TEM image of DGS2, a suspended TLG sample on METS. 
 
The general size of Au particles can be both observed from the TEM images of 
the suspended and the AFM images of supported TLG reference samples, respectively. 
Studies have shown that the interaction between Au atoms and perfect graphene is very 
weak [1] and can be assume to be of van der Waals type. Therefore, Au atoms can freely 
move on the surface of graphene due to the small diffusion barrier [1], until they are 
trapped by defects [2] that might be present before or created during Au deposition. They 
will aggregate into large multi-layered islands, and the size of such nano-islands grows 
with consecutive Au evaporations. This is reflected in the TEM images shown in Fig. 5.3. 
For small Au coverage < 20 % (Fig. 5.3 (a, b)), Au appears as individual grains of 
different grain sizes ranging from ~ 2 to 12 nm for diameter. At this stage, the nucleation 
of individual Au grains is dominant. After further Au deposition, the Au grains grow in 
size and nearby grains start to merge for coverage > 50 % (Fig. 5.3 (c)). This growth of 
grain size continues for subsequent Au deposition, when the general size of Au grains 




Figure 5.3 TEM images of TLG reference samples at different Au coverage. 
 
The thickness of the Au islands was calibrated with the AFM reference samples.  
Fig. 5.4 (a) shows the AFM image of Au islands on supported TLG, and the height 
profile along the red line is shown in Fig. 5.4 (b). The maximum height of Au nano-
islands at this stage is ~ 3 nm, which is 7-8 layers of Au atoms assuming perfect face 
center cubic (FCC) lattice of Au and a vertical orientation along the  <111> direction. For 
the largest Au coverage of 99.3% we have achieved, the largest thickness of Au is ~ 12 




Figure 5.4 (a) AFM image of Au particles on supported TLG reference sample, scale bar: 
50 nm. (b) The height profile along the red line in (a) from left to right. 
 
5.2 Effect of Strain Induced by Au Deposition 
 
Figure 5.5 (a) TEM image of DGS2 with 99.3% Au area coverage, scale bar: 20 nm. (b) 
The selected area electron diffraction of the sample in (a), the blue perfect hexagon 
matches the diffraction pattern of TLG. 
 
As already reviewed in Section 2.4.8, uniaxial strain in suspended graphene had 
been found to have an enhancement effect for ballistic thermal transport and a reduction 
effect for non-ballistic thermal transport. The thermal transport in our sample is clearly 
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non-ballistic due to the large sample dimensions and impurity (Au) attachment. The two 
C-C bonds in the hexagonal lattice of graphene have been shown [3, 4] to have deviated 
bond lengths for both uniaxial and biaxial tensile strain, which would result in an 
imperfect lattice structure of graphene. Fig. 5.5 (a) shows the TEM image of DGS2 after 
final Au deposition, and its electron diffraction pattern is shown in Fig. 5.5 (b). The 
diffraction pattern is in good agreement with the perfect graphitic hexagon drawn, with a 
lattice constant of ~ 0.2462 nm in real space, similar to that of the pristine graphene. In 
the worst case, only a small amount of uniaxial or biaxial compressive strain might be 
present in the lattice. Since less than 10% reduction in κ was found to result from 10% 
compressive (very strong) strain in graphene, it is reasonable to neglect the contribution 
of strain to the reduction in κ observed in our mass loading experiment. 
 
5.3 Thermal Measurement Results 
 
Figure 5.6 (a) Normalized room temperature κ with respect to the area coverage of Au 
nanoparticles on the bottom side of TLG. (b) Normalized room temperature κ by MD 
simulation with respect to the Au atomic coverage for a suspended TLG (L = 50 nm). 
 
The measured thermal conductivities of DGS1 and DGS2 at 300 K are shown in 
Fig 5.6 (a) normalized to that of pristine graphene (κo) with respect to the Au coverage. 
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The individual thermal conductivity is calculated by κ = 𝐺s𝐿/𝑊𝑡, where L, W and t are 
the length, width and thickness of DGS1 (5 µm x 5.04 µm x 1.005 nm) and DGS2 (5 µm 
x 12.8 µm x 1.005 nm), respectively; and their room temperature thermal conductivity (κo) 
for the pristine case was measured to be 1400 ± 140 and 1495 ± 150 W/K-m, respectively.  
Such room temperature values are much higher than that reported for BLG of 5 x 
6.5 µm2 (L x W) using a thermal bridge method reported by others [5], although κ of 
suspended graphene is expected to decrease for increasing thickness [6]. We postulate 
that this could be due to better surface cleanness and higher quality of our samples. Fig. 
5.7 (a) shows a TEM image of the TLG sample with no apparent traces of impurities and 
residues, while the Raman spectrum (Fig. 5.7 (b)) has no observable D peak. 
 
Figure 5.7 (a) TEM image of suspended TLG prepared by dry transfer technique, scale 
bar: 100 nm. Inset: Diffraction pattern of the sample, scale bar: 5 1/nm. (b) Raman 
spectrum of suspended TLG prepared by dry transfer process. Inset: Raman spectrum in 
the range of 1200 to 1400 cm-1 indicating the absence of a detectable D peak. 
 
Nevertheless, the measured room temperature thermal conductivities are lower 
than the theoretical prediction [5] for free-standing TLG (~ 2330 W/K-m, κ was 
normalized to the length L = 5 µm). This could be attributed to the thermal boundary 
resistance (TBR) for the phonon transport from the heater to suspended TLG (and from 
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TLG to the sensor) through the C-C interface at the platform edge. The presence of TBR 
was explained by Wang et al. [6] and it was experimentally measured to be ~ 2 x 105 
K/W for the two junctions in total in the case of TLG with a width of 5 µm. This TBR is 
an additional thermal resistance in series with sample thermal resistance in the equivalent 
thermal circuit shown in Fig. 3.15 (a), and it is reasonable to scale the TBR in inverse 
proportion to the width of TLG based on the assumption of constant thermal boundary 
resistivity for the same type of interface. This gives us a TBR of 1.98 x 105 and 0.781 x 
105 K/W for DGS1 and DGS2, respectively. Based on these values of TBR, the corrected 
values of κo are ~ 1860 and ~ 2280 W/K-m, which are very close to the theoretical value.  
We can observe a clear descending trend of normalized κ with respect to Au area 
coverage up to 73% with a maximum reduction of 82% in Fig. 5.6 (a). A similar 
descending trend is also observed in a molecular dynamics (MD) simulation with respect 
to Au atomic coverage up to 50% as shown in Fig. 5.6 (b). The coverage in MD 
simulation is defined as the ratio of Au atoms to carbon atoms in the adjacent layer. In 
order to understand such reduction in κ, we need a close investigation of the variation of 
density of states (DOS) of all phonon modes before and after the Au deposition, which is 
also studied in MD simulation for all the acoustic phonon branches in all three layers. 
 
5.4 Molecular Dynamics Simulation and Discussions 
In this work, all MD simulations (done by Dr. Zhu Liyan) were performed using 
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [7]. The lateral 
dimensions of TLG in simulation domains are ~ 50 x 5 nm2 (L x W, Fig. 5.8), and we 
applied periodic boundary condition along width direction, while the boundary was fixed 
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along length direction. Boundary carbon atoms (~ one unit cell long) at the both ends of 
graphene are frozen during simulation. The Au atoms are randomly scattered on the top 
of TLG as shown in Fig. 5.8. 
 
Figure 5.8 Schematic view of simulation domain of free standing TLG with Au atoms 
loaded showing side and top views. Black and yellow balls represent carbon and Au 
atoms, respectively.  
 
Optimized Tersoff type bond order potential [8] was chosen to describe the intra-
layer C-C interaction in the basal plane, while the weak van der Waals interaction 









ε −=        5.1 
where rij represents interatomic distance. The empirical parameters ε and σ for C-C were 
taken from Ref. 9. The weak non-bonding interaction between C-Au is assumed to be van 
der Waals interaction, which is described by LJ potential as well; and ε and σ for C-Au 
were determined by arithmetically and geometrically mixing those parameters for C-C 
and Au-Au taken from consistent valence force field [10, 11], respectively. The cutoff 
was chosen to be as large as 5σ for non-bonding C-Au interaction. However, the Au-Au 
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interaction was ignored in our simulations in order to avoid the formation of large Au 
islands, as their diameters are usually of several tens of nanometers, which are beyond 
our computational capability. Such a simple model can capture the influence of deposited 
Au atoms on the out-of-plane phonon modes in graphene which is believe to be the 
dominant contribution to the thermal conductivity [12]. So this model will be helpful to 
understand experimentally observed thermal conductivity reduction without making the 
simulation complicated. 
The pre-optimized systems were equilibrated at a constant temperature of T = 300 
K (NVT) for 106 MD steps using Langevin thermostat with a time step of 0.5 fs. In order 
to establish a temperature gradient along the length direction, two Langevin thermostats 
with temperature of 310 and 290 K were applied to two regions (about 2 unit cells long) 
adjacent to the two ends of TLG, which have been labeled as hot and cold region in Fig. 
5.8. A steady heat flow was achieved after 2 x 106 MD steps; and the total energies (E) 
which have been added to or subtracted from the hot and cold thermostats were recorded 
for another 107 MD steps as well as a time averaging of temperature profile. The heat 
current (J) flowing from the hot end to the cold end can be calculated as J = (1/A) dE/dt, 
where A is cross-sectional area. κ is computed according to Fourier’s law in the form of 
TJ ∇−= /κ , where T∇  is temperature gradient along length direction, which can be 
computed by linear fitting the middle region of the temperature profile. The final thermal 
conductivities were averaged over six independent runs. For free-standing TLG without 
Au atoms loaded, κ is estimated to be 1162 ± 14 W/K-m. This value of κ is lower than 
the theoretical prediction and our experimental results, as graphene’s κ depends on the 
length of the flakes along which the heat conducts, and the length L(~ 50 nm) of TLG 
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used in our MD simulations is 2 orders of magnitude smaller than the length L(= 5 µm) in 
the theoretical prediction and in our experiment. As Au atoms are loaded on graphene, κ 
decreases remarkably for increasing coverage of Au atoms. Specifically the reduction in 
κ of TLG with Au atom coverage of 10, 20, 30, 40, and 50% is 12, 18, 22, 24, and 26%, 
respectively. 
 
Figure 5.9 DOS of phonon modes for (a) out-of-plane and (b) in-plane phonons at 
different Au atomic coverage with respect to phonon frequency for top layer of TLG. 
 
To understand the reduction in κ, we plot the vibrational phonon DOS of the top 
layer of graphene as shown in Fig. 5.9. It clearly indicates the negligible influence on the 
in-plane DOS by the presence of loaded Au atoms. On the other hand, the out-of-plane 
DOS is apparently reduced compared to that of pristine TLG. The two major peaks in Fig. 
5.9 (a) correspond to acoustic and optical out-of-plane modes (ZA and ZO), respectively 
[8]. The height of two peaks monotonically decreases as Au coverage increases, 
indicating that the loaded Au atoms inhibit the out-of-plane motion of graphene. 
Previously it has been reported that the ZA phonon modes contribute 77% of heat 
conduction in suspended SLG at 300 K [12]. Klemens [13] also suggested that phonons 
will leak from the graphene into the substrate of lower phonon velocity, which could 
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reduce κ by 20 to 50% depending on the phonon velocity difference. Moreover, the 
presence of Au atoms causes strong phonon scattering at C-Au boundary that reduces the 
phonon MFP. All the aforementioned factors will significantly weaken the phonon 
conductance properties of graphene. Therefore, the thermal conductivity of TLG 
decreases as the Au coverage increases. 
The experimentally observed reduction in κ is much larger than the simulated 
reduction - a 52% reduction in κ was obtained for DGS2 at 36% Au coverage, while only 
24% reduction in κ was calculated for 40% coverage in the simulations. The significant 
difference is due to several reasons. Firstly, it has been shown in Section 5.1 that Au 
atoms will aggregate into large multi-layered islands, where the peak thickness can be as 
high as 30 layers of Au atoms for full coverage of Au. Such large and thick islands 
definitely have much stronger influence on the out-of-plane motion of graphene than non-
interacting Au atoms adopted in our MD model. 
Secondly, Au atoms can form strong covalent bonds with defects in graphene [14], 
in which the original 2D sp2 hybridization is changed to 3D sp3 hybridization. The strong 
detrimental effect on κ even by a small amount of functionalization has already been 
reviewed in Section 2.4.8. It was previously shown that κ of free standing SLG can be 
lowered by 85% when it is functionalized by phenyl (-C6H5) groups with a coverage of 
10% [15]. The heavier the functional group is, the larger the reduction in κ [15]; in our 
case, the Au atom is much heavier than a phenyl group. Even for LJ interaction, Chen et 
al. [16] revealed the thermal conductivity was further reduced with increasing graphene-
substrate coupling strength (χ) for both SLG and 5L graphene; κ was shown to be further 
reduced by 63% and 25% when χ was increased from 1 to 10 for SL and 5L graphene, 
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respectively. Therefore, a large reduction in κ is resulted for a small amount of Au atoms 
that are chemically bonded to TLG. These two features cannot be captured in our 
simulation, which would account for the relatively smaller reduction in κ.  
 
Figure 5.10 Comparison of DOS of ZA modes for (a) top, (b) middle, and (c) bottom 
layer in TLG with a 30% Au atom coverage on top layer to those in pristine TLG. 
 
Thirdly, we found that the influence of deposited Au atoms on the simulated DOS 
of each layer in TLG progressively becomes weaker from the top to the bottom layer; 
while the DOS of bottom layer is almost the same as that of pristine case (Fig. 5.10).  So 
we can expect the bottom layer graphene to maintain very high thermal conductance 
properties. Finally, the small size of TLG in simulations may also lead to a gradual and 
small reduction in κ. According Matthiessen’s rule, the combined lifetime of phonon can 
be phenomenologically expressed as 1/τ = 1/τph+1/τB+1/τAu, where τph is the intrinsic 
phonon lifetime due to anharmonic phonon-phonon interaction, τB originates from 
boundary scattering, and τAu represents the contribution from impurity Au atoms. τph was 
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found to be ~ 10 ps based on lattice dynamics calculation [17], and  τB (= L/vg, where vg is 
the group velocity) in our simulations is estimated to be of order of ~1 ps considering L ~ 
50 nm and vg ~ 104 m/s.  As for τAu, we do not have a simple formula to provide an 
estimate. Kim et al. [15] found that the lifetime of phonons in partially hydrogenated 
graphene is around ~ 1 ps or less. τAu can be coarsely estimated to be several picoseconds 
based on the fact that the non-bonding C-Au interaction described by LJ potential is 
much weaker than covalent C-H interaction. Thus when the size of graphene is small, the 
contribution from boundary scattering might outweigh the impurity scattering, which will 
weaken the effect of impurity scattering on the thermal conductivity. However, the length 
of graphene in the experiment is 5 µm, and τB is in the order of 100 ps which is much 
larger than the intrinsic phonon lifetime. Then the impurity scattering dominates in the 
scattering process and primarily determines the phonon lifetime. In other words, the 
reduction effect in κ by Au should be more dominant as the size of the TLG increases. 
However, the experimental reduction of 82% in κ at 300 K is larger than the 77% 
reduction calculated for the ZA-mode contribution towards heat conduction in free 
standing SLG. The additional reduction in κ can be attributed to the effect on the in-plane 
phonon modes (LA and TL) by the boundary scattering at the C-C interface between the 
suspended C atoms and C atoms with Au attached, similar to the bulk case discussed 
previously. At intermediate temperatures such as 300 K, transmission at the boundary is 
mainly determined by the mismatch in the DOS of phonon modes, since the phonon 
wavelength is short and the scattering is purely diffusive [18]. The scattering lowers the 
MFP of the in-plane phonon modes, further reducing κ of graphene. 
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The slight increase in the normalized κ after 72% coverage for the experimental 
results is due to the bridging of Au nano-islands into a giant Au network, which provides 
a parallel thermal path for heat conduction from the heater to the sensor, as the derived κ 
is based on heat conduction taking place solely through the TLG. Fig. 5.4 (a) shows the 
TEM image of DGS2 for 99.3% Au coverage, at which the normalized κ shows the most 
significant increase. It is clearly seen that the Au nano-islands have merged together to 
form a complete link, with a total Au thickness more than 12 nm. Though κ of such a thin 
film of Au is much poorer than the bulk value for Au (14% of bulk κ for 22 nm Au thin 
film [19]), the thickness of Au deposited is still 10 times that of TLG, and results in 
significant contribution in the total thermal conductance. This additional thermal 
conduction through the Au thin film is responsible for the increase in κ. 
 
5.5 Summary 
In summary, we have experimentally studied the thermal conductivity of two 
suspended TLG samples using the thermal bridge method. The room temperature values 
of κ were found to be 1400 ± 140 and 1495 ± 150 W/K-m for the 2 samples measured, 
without correction for in-plane TBR. We both experimentally monitored and theoretically 
calculated the change in κ with increasing mass loading, and both show a trend of 
decreasing normalized κ with respect to Au coverage. The empirical observations show 
that the greatest reduction in κ of 82% occurred at 72% Au coverage, while κ is found to 
be reduced by 26% at 50% Au coverage from MD simulation results. The reduction in κ 
is attributed mainly to the suppression effect of ZA phonon modes in TLG by Au and 
phonon leakage from TLG to Au, which is reflected in a progressive reduction of the 
DOS of ZA phonon modes with respect to increasing Au coverage. Furthermore, the 
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boundary scattering at the C-Au and C-C interfaces between C atoms with different 
environment also increases with respect to Au coverage, and contributes significantly to 
the reduction in κ. 
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Chapter 6 Hydrogenation Study on Suspended BLG 
In the previous chapter, the effect of weak van der Waals force arising from 
physically deposited gold on the thermal conductance of suspended TLG is studied. The 
effect of chemical functionalization on the thermal conduction in suspended graphene is 
investigated in this chapter, by functionalizing suspended BLG, prepared by the dry 
transfer technique described in Section 3.1.2, using atomic H as the functional group. The 
mass effect of the functional group is also investigated using atomic deuterium (D), an 
isotope of H. Ideally it would be best to investigate such effect of functionalization in 
suspended SLG. However all attempts to prepare the suspended SLG samples in the 
thermal bridge configuration by the transfer method failed due to the fragile nature of the 
SLG. Instead suspended BLG was used as both the basal planes could be subjected to the 
single-sided functionalization, which is the 2nd best candidate for the investigation of 
effect of functionalization.  
The hydrogenation of graphene and the effect of hydrogenation on the thermal 
conduction in graphene will be discussed in Section 6.1, and Section 6.2 will describe the 
hydrogenation method and system setup used in our study. The thermal measurement 
results and the discussions will then be presented in Section 6.3.  
 
6.1 Hydrogenation and the Effect on κ of Graphene 
Graphane, strictly speaking, is the term given to the derivative of SLG by adding 
H atoms alternatively to the carbon atoms on both sides of SLG (Fig. 6.1 (b)) [1, 2]. 
Graphane can be categorized into chair and boat graphane based on the positions of 




Figure 6.1 Figures taken from literature. The structure of (a) graphene and (b) graphane 
[2]. Top and side views of graphane conformations for (c) chair and (d) boat [3]. 
 
Figure 6.2 Figures taken from literature (a) sp2 hybridization of graphene: only three 
electrons form σ-bonds and these bonds lie in a plane at 120° angles to each other, thus 
producing a flat structure. The fourth electron is delocalized, forming weaker π-bonds. (b) 
sp3 hybridization in diamond: all four electrons in the carbon atoms’ outer shells are 




Graphene is an excellent electrical conductor [4-6] as it has one communal 
electron left over when each carbon atom bonds with three others (Fig. 6.2 (a) [2]). In 
contrast, in graphane the last electron is involved in covalent bonding with H atoms, 
changing the original 2D sp2 hybridization to 3D sp3 hybridization similar to that of 
diamond (Fig. 6.2 (b) [2]).  Thus graphane is an electrical insulator, and it is no longer a 
perfect 2D system. 
 
Figure 6.3 Figures taken from literature. Changes in Raman spectra of graphene caused 
by hydrogenation for (a) SLG on SiO2, and (b) free-standing SLG. Red, blue, and green 
curves correspond to pristine, hydrogenated, and annealed samples, respectively. Inset in 
(a): Raman spectra of partially hydrogenated of supported (blue curve) and suspended 
SLG (black curve). Inset in (b): TEM image of suspended SLG. [7]  
 
Raman spectroscopy is a very convenient method to detect hydrogenation of 
graphene. Shown in Fig. 6.3 are the Raman spectra of supported SLG and suspended 
SLG for pristine samples, after hydrogenation treatment, and after thermal annealing 
treatment [7]. The hydrogenation was performed by using a low-pressure (0.1 mbar) 
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forming gas ambient (10% H2) plasma placed 30 cm away from the samples. Besides the 
two characteristic peaks (G and 2D peaks) for pristine graphene, three more peaks appear 
at ~ 1340 cm-1 (D peak), ~ 1620 cm-1 (D’ peak) and ~ 2950 cm-1 (D + D’) peaks for 
hydrogenated SLG. The D peak is not detectable in disorder-free graphene and requires 
defects for its activation via an intervalley double-resonance Raman process [9], the D' 
peak takes place via an intravalley double-resonance process only in the presence of 
defects [10], and the (D + D’) peak is a combination of two phonons with different 
momentum and so it requires a defect for its activation unlike the 2D peaks. 
The hydrogenation of SLG has always been observed to result in the appearance 
of sharp D, D’ and (D + D’) peaks, and slight broadening and a decreases of the height of 
the 2D peak relative to the G peak. The sharp D peak in hydrogenated SLG is attributed 
to the breaking of the translational symmetry of C-C sp2 bonds after the formation of C-H 
sp3 bonds [7]. Though the Raman spectrum of hydrogenated suspended SLG is very 
similar to that of hydrogenated supported SLG, the D peak of suspended graphene is 
greater by a factor of two than that for graphene on a substrate, as only one side is 
accessible to atomic hydrogen for supported SLG. This also indicates the formation of 
twice as many C-H bonds in the suspended SLG which agrees with the general 
expectation that atomic hydrogen attaches to both sides of free-standing SLG discussed 
previously. 
Hydrogenated graphene is thermally stable at room temperature for many days, 
but it was shown to be recovered to graphene after thermal annealing at 450 °C in Ar 
atmosphere for 24 hours [7]. After annealing, the Raman spectrum is recovered to almost 
its original shape, and all of the defect-related peaks (D, D’, and D + D’) are strongly 
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suppressed (Fig. 6.3). However, there is still a low intensity residual D peak, indicative of 
some residual structural disorder, which is linked to sp3 phases in the annealed graphene 
[11]. In addition, the 2D peak remains relatively small with respect to the G peak when 
compared with the same ratio in the pristine sample, and both become shifted to higher 
energies, indicating that the annealed graphene is p-doped [12]. Thus the recovered 
graphene is comparable to the pristine graphene, with slight degradation in its properties, 
which is evident from the electrical transport measurement performed [7]. 
 
Figure 6.4 Figures taken from literature. (a) Variation of normalized thermal conductivity 
with hydrogen coverage for both the armchair and zigzag graphene sheets [14]. (b) 
Degree of functionalization dependence of the thermal conductivity for the -CH3 group 
and -C6H5 group compared to the -H group [13] for 40-AGNR. [15] 
 
Hydrogenation has been theoretically predicted to reduce κ for free-standing SLG 
[13-14]. The room temperature κ can be reduced by 60-70% for only 10% H randomly 
distributed, and 75% for 30% coverage. With further increasing hydrogen coverage from 
30 to 100%, κ shows little change and remains at the low value, until it reaches 100% 
where a slight increase occurs (Fig. 6.4 (a)). During the formation of covalent C-H bonds, 
the original in-plane sp2 bonding converts into out-of-plane sp3 bonding [7, 16]. The 
degradation of κ can be attributed to the formation of this out-of-plane sp3 bonding, 
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which breaks the reflection symmetry of the perfect 2D system of graphene, and greatly 
increases the phonon-phonon scattering for ZA phonons [17]. With increasing H 
coverage from 0 to 30%, the in-plane sp2 network diminishes and deteriorates, so that 
phonon scattering increases and κ decreases rapidly. As the planar sp2 network is fully 
disrupted when the H coverage is ~ 30%, the thermal conductance in graphene is 
controlled by the sp3 domains, and thus κ is insensitive to further increases in H coverage. 
Interestingly, it was also noted [15] that the heavier the functional group is, the 
larger the reduction in thermal conductivity will be (Fig. 6.4 (b)). The thermal 
conductivity of free standing SLG was shown to be lowered by 85% when it is 
functionalized by phenyl (-C6H5) groups with a coverage of 10% [15], while the 
reduction is only 70% for -H functional groups for the same coverage [13]. 
For a better understanding of the underlying physics of the reduction in κ induced 
by hydrogenation, the phonon spectra [14] and the lifetimes of phonons [17] were 
investigated for graphene with and without H coverage. Shown in Fig. 6.5 (a) are the 
phonon spectra of graphene with H coverage from 0 to 100%. It can be seen that the 
hydrogenation softens the G-band of the phonon spectra remarkably, which causes a 
reduction in the phonon group velocities. As a result, κ is reduced according to the 
classical lattice thermal transport theory. This reduction in phonon group velocities is 
also observed by another individual work [17], and the phonon lifetimes observed in the 
same work are 3 times lower for graphene with 50% H coverage compared to that of 
pristine graphene (Fig. 6.5 (b, c)), due to the phonon scattering between sp2 and sp3 
carbons. The out-of-plane vibration of graphene was also studied with addition of phenyl 
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(-C6H5) groups, and was found to be reduced by 4 times, which also explains the 
reduction in κ as the ZA phonons dominate in the thermal conduction in graphene. 
 
Figure 6.5 Figures taken from literature. (a) Phonon spectra of graphene with H coverage 
ranging from 0 to 100%. The high frequency peaks are the G-bands. [14] Lifetime of 
phonons for all frequencies for (b) graphene and (c) hydrogenated graphene of 50% H 
coverage. [17]  
 
6.2 Hydrogenation Method and System Setup 
Many different approaches to hydrogenate graphene have been reported, which 
include distant [7, 18] or direct hydrogen plasma treatment [8], dissociated atomic H 
induced by electron beam [19] or thermal cracking [20], or chemical synthesis in 
hydrogen environment [21-22]. The distant and direct hydrogen plasma treatment would 
inevitably induce damage in the graphene lattice due to the high energy ions, while 
reducing graphene in H ambient would inevitably cause other functional groups to attach 
to the edges of the graphene, such as a minor contribution of hydroxyl group -OH [21]. 
Bearing this in mind, we employed the atomic H treatment approach to achieve 
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hydrogenation of graphene for all our hydrogenation studies; the atomic H flow is 
obtained using an atom source from Tectra (Fig. 6.6 [23]) attached to the vacuum 
chamber where the thermal conductance measurement is performed. 
 
Figure 6.6 Schematic of the atom source from Tectra [23]. 
 
Hydrogen gas is admitted through a leak valve to the atom source where 
molecular hydrogen is cracked into atomic H under high-powered plasma in a long tube. 
The specially designed aperture plate at the beam exit inhibits ions from escaping from 
the plasma, yet allows reactive neutral atoms to escape and form the dominant beam 
fraction. There is also an ion trap consisting of two parallel metal plates at the beam exit. 
During hydrogenation, a 2 kV potential difference was applied to the parallel plates to 
create a strong lateral electrical field to absorb residual ions escaping from the aperture. 
So only atomic H could emit from the source; as the emitted particles are largely 
thermalized through multiple collisions on passing through the aperture, the METS 
device was placed 7 cm away from the beam exit to avoid physical damage by direct 
bombardment of energized atoms onto the sample. 
Prior to hydrogenation, the sample-mounted METS was annealed in situ at 600 K 
for 6 hours under vacuum (~ 1 x 10-6 mbar) by passing direct current through both the 
heater and the sensor to desorb any physisorbed gas molecules. The molecular hydrogen 
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was slowly turned on to achieve a partial pressure ~ 5 x 10-4 mbar to ensure > 95% 
cracking efficiency, while ensuring that the partial pressure of other gases was at least 2 
orders of magnitude lower (Fig. 6.7); the partial pressure of gases in the vacuum chamber 
was constantly monitored using a residual gas analyzer (RGA). The ion trap and the 
plasma power were then turned on sequentially. The H atomic flux of the exit beam is 
estimated to be ~ 1.432 x 1012 atoms/cm2-s assuming 95% cracking efficiency. The 
hydrogenation was carried out at 300 K for 2 hours, avoiding high temperatures as atomic 
H treatment would otherwise etch graphene initiated from defects and edges [24-25]. 
 
Figure 6.7 The partial pressure of gases in the vacuum chamber monitored by RGA.  
  
6.3 Thermal Measurement Results and Discussions 
The pristine suspended BLG samples prepared by the dry transfer method, similar 
to the suspended TLG discussed in the previous chapter, were measured for their thermal 
conductance before hydrogenation. The room temperature κ of the three pristine 
suspended BLG was measured to be 1745 ± 175, 1640 ± 164 and 1585 ± 159 for DGSH1 
(5.02 x 6.41 µm2), DGSH2 (5.04 x 5.23 µm2) and DGSH3 (5.01 x 6.98 µm2), 
respectively. In order to investigate the mass effect of the functional group on the 
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reduction of thermal conductivity of graphene that has been noted previously [15], 
DGSH1 and DGSH2 were subjected to hydrogenation by atomic H while DGSH3 was 
subjected to more massive atomic deuterium (D). After hydrogenation, the device was 
measured without any further treatment, and the room temperature κ was found to drop to 
~ 21% of the original values for all three samples (Fig. 6.8). The device was then 
annealed in situ at 600 K in vacuum for 6 hours, whereupon κ was partially restored to 41 
- 48% of the original values. DGSH1 was in situ annealed for another 6 hours and then an 
additional 12 hours, but no observable change in κ was detected.  DGSH1 was finally 
subjected to thermal annealing in forming gas (5% H2/95% Ar) at 750 K for 24 hours in 
order to fully desorb the bonded H atoms. There was another significant increase in κ 
measured, though the error bar is huge due to large fluctuations in the electrical resistance 
of the Pt thermometers which were affected by the high-temperature anneal. 
 
Figure 6.8 Normalized room temperature κ of suspended BLG for pristine (κo), 
hydrogenated (κH), in situ annealed (κA) and thermally annealed (κTA) situations. 
 
The significant 79% reduction in κ of suspended BLG at 300 K after 
hydrogenation agrees with the theoretical prediction described in Section 6.1. In order to 
understand the behavior of experimentally observed κ, and obtain a better comparison 
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with the theoretical work, the Raman spectrum of DGSH1 was investigated at each stage 
of measurement to monitor the effect of atomic hydrogen treatment (Fig. 6.9).  
 
Figure 6.9 Raman spectra of DGSH1 for pristine, hydrogenated, in situ annealed and 
thermally annealed situations. All are scaled to have similar 2D peak amplitude. 
 
For pristine suspended BLG, there is no detectable D peak in the Raman spectrum; 
and the FWHM of 2D peak is ~ 50 cm-1, indicating a BLG flake according to the 
calibration done [26]. After atomic H treatment, a very significant and sharp D peak 
appears, even stronger than the G- and 2D- peaks, indicating a great amount of defects 
arising from the formation of C-H bonds and vacancies. Two other defect-related peaks, 
D’ and D + D’ peaks, are also obtained, similar to the hydrogenated suspended and 
supported SLG. Each of the basal planes in our suspended BLG is analogous to the 
supported SLG in Ref. 7, though the formation of C-H bonds in our case is believed to be 
more favored. This is because the ripples in the basal planes of suspended BLG are more 
corrugated, due to smaller C-C van der Waals force for interlayer coupling compared to 
the C-Si and C-O van der Waals force in the graphene-substrate interaction. It was stated 
that the ripples in graphene favor the functionalization process [7]. 
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Most of the vacancies can be removed by annealing at 600 K, while the strong C-
H bonds are still quite stable, and the attached H atoms only partially desorb from the 
suspended BLG. This is evident from the reduced D peak which is now smaller than the 
G peak, and the overlapping of D band and G band which indicates residual sp3 phases 
left behind by departing H atoms. This finding agrees with a reported experimental work 
on hydrogenation on HOPG with atomic H and D [20]. The H and D coverage was 
estimated to be 1% for only 1-2 min of hydrogenation followed by thermal annealing at 
temperatures ranging from 500 to 600 K. In our case, the hydrogenation duration is much 
longer at 2 hours, and the conversion of sp2 to sp3 bonding is much easier in suspended 
BLG than in 3D bulk HOPG. As a result, the H coverage after in situ annealing should be 
higher than 1% for our experiment. The final thermal annealing at 750 K was reported to 
be sufficient to fully remove the attached H atoms, leaving a small amount of defective 
segments linking to sp3 phases, indicated by the presence of a small D-peak (Fig. 6.9). 
 As a result, κ of BLG is strongly depressed due to the combination of the strong 
degradation effect of introducing sp3 C-H bonds and additional phonon scattering caused 
by defects induced by the hydrogenation process. The in situ annealing reduces the 
concentration of defects in the BLG, and κ is then dependent on the concentration of 
attached H which is reduced due to the partially desorption of H atoms. This makes κ 
return to more than 40% of its pristine value. By fully removing the attached H, κ of 
pristine BLG should be restored. However, the Pt thermometers were damaged by the 
annealing process at this elevated temperature, giving large fluctuations in the electrical 
resistance and hence resulting in a large error in the final κ calculated.  
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The effects of atomic H and D on κ are indistinguishable after hydrogenation. In 
Ref. 18, the difference of reduction in κ is shown to be < 18% between -CH3 and -H 
functional groups, and since the mass difference is 18 times larger than that in our 
experiment, the mass effect should be even smaller in our case. In the presence of 
possible defects introduced during hydrogenation, this mass difference effect is likely to 
be masked. With the removal of defects after the in situ annealing, the normalized κ is 
smaller (41%) for D-treated graphene than H-treated (43 and 47%). However, this 
difference is too small, being within experimental error, so it is not conclusive to verify 
the mass effect of functional group on the thermal conductivity of graphene. 
 
6.4 Summary 
 In this chapter, the thermal conductance of suspended BLG was studied, and the 
room temperature κ of starting BLG was measured to be in a range from 1585 ± 159 to 
1745 ± 175 W/K-m.  The effect of chemical functionalization on thermal conductance in 
graphene was also studied by hydrogenating suspended BLG using atomic H. The room 
temperature κ was reduced by 79 % after 2 hours hydrogenation due to the much 
enhanced phonon scattering resulted from the formation of out-of-plane sp3 hybridization, 
which further degrades the symmetry of reflection in suspended BLG. This is evident 
from the theoretical work on the phonon spectra and lifetimes study of phonons in 
graphene with respect to H coverage. κ was partially restored to ~ 45% of its pristine 
value after annealing in vacuum at 600 K for 6 hours due to the elimination of defects 
induced in the hydrogenation process and the reduction of C-H bond concentration after 
partial desorption of H atoms. The effect of mass difference on thermal conductance 
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could not be verified by employing atomic D as the functional group, due to the relatively 
small mass of the functional group (either H or D), and the mass-loading effect is masked 
by the configuration change of graphene arising from hydrogenation. 
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Chapter 7 Conclusions and Future Works 
7.1 Conclusions 
This thesis presents a number of systematic studies on the thermal conductance 
properties of graphene.  When this project started, there were few published experimental 
studies, and ensuing works reported were primarily based on the micro-Raman technique.  
While this technique allowed suspended samples to be prepared with minimal 
degradation to the graphene, thereby ensuring material quality, the technique itself has 
limitations, in particular with respect to its accuracy. Although the thermal bridge 
approach could in principle provide direct measurements of the thermal conductance of 
graphene, both suspended and supported, the sample quality is compromised as result of 
processes involved in preparation.  In the current project, a significant amount of effort is 
expended to improve the thermal-bridge technique to allow a systematic study of the 
thermal conductance properties of clean suspended and supported graphene samples. In 
particular, we developed transfer techniques for sample preparation to ensure high-
quality samples with clean surfaces. 
We investigated the effect of substrate-graphene interaction and interlayer 
coupling on the thermal conduction in supported graphene by carrying out a systematic 
study of the thermal conductance of graphene supported on SiNx substrate at 300 K as the 
number of layers is varied from a single layer to 18 ± 1 layers.  There is a reduction of ~ 
1 order of magnitude in κ for supported SLG compared to free-standing SLG due to the 
strong graphene-substrate interaction that breaks the selection rule in phonon-phonon 
scattering. With increasing number of layers, this substrate induced effect becomes 
progressively weaker with the addition of multiple layers leading to an increase in κ with 
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respect to thickness, which approaches the bulk graphite limit when n→∞ as the substrate 
effect becomes negligible. Unlike previous experimental works reported by others that 
focused on supported SLG, this work is the first study that systematically investigates the 
layer dependence of κ of supported graphene. Our results are helpful to identify the roles 
of graphene-substrate and interlayer interaction in thermal conduction in supported 
graphenes, and thereby facilitate the development of practical high-performance graphene 
based devices for nano-scale heat dissipation and thermal management. 
To investigate the effect of adsorbates on the thermal conduction in suspended 
graphene, the change in the κ of suspended TLG at 300 K was observed as gold was 
deposited with increasing coverage on one basal plane. We both experimentally 
monitored and theoretically calculated the change in κ with increasing Au coverage, and 
both show a trend of decreasing normalized κ with respect to Au coverage. The empirical 
observations show that the greatest reduction in κ of 82% occurred at 72% Au coverage, 
while κ is found to be reduced by 26% at 50% Au coverage from MD simulation results. 
The reduction in κ is attributed mainly to the suppression effect of ZA phonon modes in 
TLG by Au and phonon leakage from TLG to Au, which is reflected in the progressive 
reduction of the DOS of ZA phonon modes with respect to increasing Au coverage. 
Furthermore, the boundary scattering at the C-Au and C-C interfaces between C atoms 
and C atoms with different environment also increases with respect to Au coverage, and 
contributes significantly to the reduction in κ. Our study is the first reported experimental 
work that quantitatively studies how the deposited impurity atoms affect the thermal 
conductivity of graphene, and demonstrates the potential to practically tune the thermal 
conductivity in suspended graphene by depositing impurity particles.  
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In addition, the room temperature values of κ were found to be 1400 ± 140 and 
1495 ± 150 W/K-m for the two samples measured, much higher than the previously 
reported values for suspended BLG of similar dimensions [1]. The values of κ would be 
very close to the theoretical prediction if we take the TBR into calculation. These 
conduction measurement results validate the high quality of the graphene samples 
prepared by the transfer techniques we have developed, and demonstrates that one can 
accurately study the thermal properties of pristine graphene using a thermal bridge 
configuration by employing our transfer techniques. 
To investigate the effect of chemical functionalization on the thermal conduction 
in graphene, we functionalized suspended BLG using atomic H as the functional group. 
The mass effect of the functional group was also investigated using atomic deuterium (D), 
an isotope of H, on the thermal conduction in suspended BLG. The room temperature κ 
of starting BLG samples was measured to be in a range from 1585 ± 159 to 1745 ± 175 
W/K-m, and was reduced by 79 % after 2 hours hydrogenation due to the much enhanced 
phonon scattering, which is the result of the formation of out-of-plane sp3 hybridization 
that further degrades the symmetry of reflection in suspended BLG. This is evident from 
the theoretical work on the phonon spectra and lifetimes study of phonons in graphene 
with respect to H coverage. κ was partially restored to ~ 45% of its pristine value after 
annealing in vacuum at 600 K for 6 hours due to the elimination of defects induced in the 
hydrogenation process and the reduction of C-H bond concentration after partial 
desorption of H atoms. Our measurements also suggest that κ might be fully restored 
back to its pristine value following annealing at 750 K, although this finding is not clear-
cut due to the large error in the measurement. The effect of mass difference on thermal 
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conductance could not be verified by employing atomic D as the functional group, due to 
the relatively small mass of the functional group (either H or D), and the mass-loading 
effect is masked by the configuration change of graphene arising from hydrogenation. 
Our results are the first reported experimental work which quantitatively studies how 
chemical functionalization affects the thermal conductivity of suspended graphene. As 
graphene has previously been shown by others to be fully recovered from graphane 
following high temperature annealing [2], our results reveal the possibility of using 
hydrogenation to tune the thermal conductance of graphene. 
 
7.2 Future Works 
 We have systematically investigated the thermal conduction in graphene 
supported on SiNx substrate, and a similar theoretical study of graphene on SiO2 substrate 
has been reported [3]. Both of these studies are focused on the commonly-used 
dielectrics/insulators in semiconductor devices.  However, it is also very interesting and 
important to perform such studies on commonly-used metal substrates such as Cu and Au 
to further explore the potential of graphene in electronics applications, for which both 
theoretical and experimental works are lacking. Although acoustic phonon modes are 
considered to dominate the thermal conduction in graphene, the electrical contribution to 
thermal conduction can be comparable to that of phonons based on a recent theoretical 
calculation using the BTE approach for suspended and supported (required in practice for 
doping graphene) BLG [4]. Thus the layer dependence of κ of graphene supported on 
metal can be very different to that on an insulating substrate, especially for biased 
graphene, with much stronger electron (metal) - electron/hole (graphene) interaction and 
electron (metal) - phonon (graphene) interaction in the system. 
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 Our thermal conductance measurement results for pristine suspended BLG and 
TLG demonstrate that the transfer technique for sample fabrication for the thermal bridge 
configuration allows one to study the pristine thermal conductance properties of graphene, 
and κ could be measured with a very high degree of accuracy.  This enables researchers 
to further the experimental study of thermal conduction properties of suspended graphene 
that could not be done using the micro-Raman technique. 
 First of all, the experimental study of thermal rectification in GNRs with 
thickness asymmetry can be achieved using our method. Such thermal rectification was 
shown theoretically to be 20-60% for GNRs at 320 K [5]. Since the fabrication of GNRs 
down to 5 nm width with clean edges has been demonstrated by H etching [6], it is 
possible to study the thermal rectification effect in GNRs with geometrical asymmetry. 
The thickness asymmetry can be achieved by suspending graphite-SLG samples with the 
interface positioned in the middle. Our sample preparation method is suitable for such 
investigations as the surface of suspended graphene has to be very clean, especially for 
the SLG portion, as the rectification is based mainly on the mismatch of phonon spectra 
of ZA phonons near the interface, which results in asymmetric scattering of phonons 
through two opposite directions. In the presence of residues or/and impurities, the 
suppression of ZA phonons in SLG could inhibit such rectification effect. 
 Furthermore, the as-prepared suspended graphene might be used to realize 2D 
phononic crystals. Since the concept of phononic crystals stems from photonic crystals, 
researchers have become very enthusiastic to realize phononic crystals practically. The 
first experimental realization was reported in 1998 for experimental analysis of the 
acoustic transmission of a two-dimensional periodic array of rigid cylinders in air with 
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two different geometrical configurations [7]. It was intended to be applied to graphene for 
2D photonic crystals using a Si cavity [8], i.e., graphene placed on a substrate with 
patterned array of circles to create periodic regions of supported and suspended graphene. 
However, the dimension of the patterning of the solid substrate is limited by the 
lithography resolution, which is at least few 10s of nanometers. The suspended graphene 
prepared by our transfer method can be used to create phononic crystals using helium ion 
microscopy (HIM), which has a resolution in the range of 1 nm. 
 
References  
[1] M. T. Pettes, I. S. Jo, Z. Yao and L. Shi, “Influence of polymeric residue on the 
thermal conductivity of suspended bilayer graphene”,  Nano Lett., 2011, 11, 1195. 
[2] D. C. Elias, R. R. Nair, T. M. G. Mohiuddin, S. V. Morozov, et al., “Control of 
graphene’s properties by reversible hydrogenation: Evidence for graphane”, 
Science, 2009, 323, 610. 
[3] J. Chen, G. Zhang and B. W. Li, “Substrate coupling suppresses size dependence 
of thermal conductivity in supported graphene”, Nanoscale, 2013, 5, 532. 
[4] V. S. Katti and S. S. Kubakaddi, “Electronic thermal conductivity in suspended 
and supported bilayer graphene”, Physica E, 2013, 47, 188. 
[5] W. R. Zhong, W. H. Huang, X. R. Deng and B. Q. Ai, “Thermal rectification in 
thickness-asymmetric graphene nanoribbons”, Appl. Phys. Lett., 2011, 99, 193104. 
[6] Z. W. Shi , R. Yang , L. C. Zhang , Y. Wang, et al., “Patterning graphene with 
zigzag edges by self-aligned anisotropic etching”,  Adv. Mater.,  2011, 23, 3061. 
[7] J. V. Sánchez-Pérez, D. Caballero, R. Mártinez-Sala, C. Rubio, et al., “Sound 
attenuation by a two-dimensional array of rigid cylinders”, Phys. Rev. Lett., 1998, 
80, 5325. 
[8] A. Majumdar, J. W. Kim, J. Vuckovic and F. Wang, “Electrical control of silicon 





Appendix I: Publications 
I. Thesis-Related Publications 
1. Jiayi Wang, Liyan Zhu, Jie Chen, Baowen Li and John T. L. Thong, “Tuning 
Thermal Conductivity of Suspended Tri-layer Graphene by Gold Deposition”, 
accepted by Adv. Materials, 10.1002/adma.201303362. 
2. Jiayi Wang, Rongguo Xie, Liyan Zhu, Jie Chen, Baowen Li and John T. L. 
Thong, “Layer Dependence of Thermal Conductivity in Supported Clean 
Graphitic Samples on Silicon Nitride”, to be submitted. 
3. Jiayi Wang, Li Baowen and John T. L. Thong, “Reduction of Thermal 
Conductivity of Suspended Bi-layer Graphene by Hydrogenation”, under 
preparation. 
 
II. Other Publications 
1. Rui Wang, Jiayi Wang, Hao Gong, Zhiqiang Luo, Da Zhan, Zexiang Shen and 
John T. L. Thong , “Cobalt-Mediated Crystallographic Etching of Graphite 
From Defects”, Small, 2012, 8, 2515. 
2. Yihong Wu, Ying Wang, Jiayi Wang, Miao Zhou, et al., “Electrical transport 
across metal/two-dimensional carbon junctions: Edge versus side contacts”, 
AIP Advances, 2012, 2, 012132. 
 
 
